Introduction {#s1}
============

Gustatory systems have evolved to identify appetitive substances of nutritional value and to elicit avoidance of toxic compounds. Organisms may encounter food sources that also contain harmful substances, and this poses an interesting perceptual problem. *Drosophila melanogaster*, for example, dines on fermenting fruit that contains both appetitive and aversive compounds. During fermentation, yeast and bacteria enzymatically convert six-carbon sugars into ethanol and acetic acid. These fermentation products can be toxic to the fly, yet the scent of decaying fruit is attractive and moreover the fly feeds despite the presence of these toxic compounds ([@bib36]; [@bib35]; [@bib54]). These observations suggest that adaptive mechanisms may have evolved to ensure that toxic products do not impair the hungry fly from approaching and feeding on decaying fruits. Cider vinegar, for example, contains the potentially toxic metabolite acetic acid but elicits strong odor-evoked attraction ([@bib45]). *Drosophila melanogaster*, termed the vinegar fly, is more resistant to the toxic effects of acetic acid than other *Drosophila* species that do not depend upon fermenting food sources and shows greater tolerance to acetic acid than structurally similar carboxylic acids ([@bib35]; [@bib38]; [@bib8]). Moreover, flies can utilize acetic acid as a caloric source when deprived of other food sources ([@bib38]; [@bib24]); acetic acid is converted into acetyl-CoA and metabolized by the tricarboxylic acid cycle. Thus *D. melanogaster* may have evolved specific adaptations that allow the fly to recognize acetic acid as an appetitive tastant despite its potential toxicity. We have explored the seemingly paradoxical effects of acetic acid on feeding behavior in the vinegar fly.

Feeding is initiated by extension of the proboscis, a behavior that allows the fly to taste a potential food source ([@bib17]). Flies recognize a relatively small number of basic taste categories, including sweet, salty, bitter, sour, fat, and carbonation ([@bib32]; [@bib53]; [@bib28]; [@bib13]; [@bib34]; [@bib20]). As in mammals, most tastants excite only one class of sensory neurons and each class is thought to activate determined neural pathways to elicit innate behavioral responses ([@bib32]). For example, activation of sugar-responsive neurons drives appetitive feeding responses, whereas bitter-responsive neurons elicit aversion and suppress feeding ([@bib32]; [@bib33]).

Sour taste, evoked by acids, is less well-understood than other taste modalities. Acids are potentially toxic to animals and may also indicate that food is unripe or spoiled. Both flies and mammals generally exhibit taste aversion to strongly acidic food ([@bib10]; [@bib16]). However, flies do not uniformly avoid acidic stimuli: they show greater sugar consumption at an acidic pH than at a neutral or basic pH ([@bib15]), and at low concentration acids may counteract the repulsive effect of bitter compounds on feeding ([@bib12]). Flies also prefer to lay eggs on carboxylic acids such as acetic and citric acid ([@bib29]; [@bib13]). This ovipositional preference is mediated by taste sensory neurons in the legs that respond specifically to acids ([@bib13]). Dedicated acid-sensing neurons in the proboscis have not been identified, although acid responses in bitter-sensing neurons have been observed ([@bib10]; [@bib40]).

The activation of gustatory neurons in flies and mammals elicits innate behavioral responses, but these responses can be modulated by internal states such as satiety or hunger. Hunger elicits several adaptive changes in behavior: increased food-seeking and food consumption, enhanced locomotor activity, decreased sleep, and altered olfactory and taste sensitivity ([@bib47]; [@bib27]; [@bib39]; [@bib51]). In flies, starvation increases sugar sensitivity, which promotes feeding, and decreases bitter sensitivity, which enhances acceptance of food sources that contain aversive tastants ([@bib25]; [@bib26]). Starved flies also show enhanced olfactory attraction to cider vinegar, which facilitates food search behavior ([@bib41]). These hunger-dependent changes in both olfactory and gustatory sensitivity result, at least in part, from alterations in sensory neuron activity ([@bib25]; [@bib26]; [@bib41]).

Acetic acid, a product of fruit fermentation, signals the presence of food preferred by the fly and may also serve as a caloric source ([@bib38]; [@bib24]). Acetic acid, however, can be toxic and flies avoid residing on food containing acetic acid ([@bib38]; [@bib29]). We have examined the behavioral and neural responses to the taste of acetic acid and observe that hunger induces a dramatic switch in the behavioral response to this metabolite. Fed flies show taste aversion to acetic acid whereas starved flies exhibit a strong appetitive response. Genetic silencing demonstrates that the bitter-sensing neurons mediate acetic acid aversion whereas the sugar-sensing neurons mediate the appetitive response to acetic acid. Hunger shifts the response from aversion to attraction by enhancing the sugar pathway as well as suppressing the bitter pathway. Calcium imaging reveals that acetic acid activates both sugar- and bitter-sensing neurons in both the fed and starved state. Thus, a single tastant activates two distinct neural pathways that elicit opposing behaviors dependent upon internal state. This hunger-dependent switch may reflect an adaptive response to acetic acid, a potential toxin that can also afford nutritional value under extreme conditions.

Results {#s2}
=======

Acetic acid can elicit an appetitive or aversive taste response {#s2-1}
---------------------------------------------------------------

The taste response to acetic acid was analyzed by examining the proboscis extension response (PER), an appetitive response that initiates feeding ([@bib17]). Appetitive tastants elicit PER when applied to the legs or labellum, the distal segment of the proboscis. Aversive tastants do not elicit PER and diminish the PER elicited by an attractive tastant ([@bib17]). In fed flies, exposure of acetic acid (1--10%) to the labellum elicited very weak levels of PER similar to those induced by water ([Figure 1A](#fig1){ref-type="fig"}), even though these flies showed strong PER to sucrose ([Figure 1B](#fig1){ref-type="fig"}). Moreover, when acetic acid was mixed with either 300 mM or 50 mM sucrose it strongly reduced sucrose-evoked PER in fed flies ([Figure 1C--D](#fig1){ref-type="fig"}). 79% of fed flies exhibited PER to 300 mM sucrose alone, and this response was reduced to 44% when 10% acetic acid was added ([Figure 1C](#fig1){ref-type="fig"}). These data demonstrate that acetic acid elicits taste aversion in fed flies.

![Acetic acid induces aversive or appetitive taste responses depending on hunger state.\
(**A**) One-day or two-day starved flies, but not fed flies, showed strong PER to acetic acid applied to the labellum. PER at 0% acetic acid represents the baseline response to water. (**B**) Both fed and starved flies showed dose-dependent PER to sucrose applied to the labellum. (**C**) Acetic acid suppressed PER to 300 mM sucrose in fed flies but not in one-day or two-day starved flies. (**D**) Acetic acid suppressed PER to 50 mM sucrose in fed flies and had a small but significant effect in one-day starved flies, but not in two-day starved flies. (**E**) Two-day starved flies showed PER to acetic acid applied to the legs. (**F**) Two-day starved flies stimulated asymmetrically with 5% acetic acid on the legs tended to show PER toward the stimulus (n = 53 trials, nine flies). In panels A-D, fed and starved flies were compared using two-way repeated measures ANOVA followed by Bonferroni's post-tests (\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001; orange or red asterisks correspond to one- or two-day starved flies, respectively). In panels C-D, responses within each group were compared to the response to 0% acetic acid using one-way repeated-measures ANOVA followed by Dunnett\'s post-tests (^\#^p\<0.05, ^\#\#^p\<0.01; symbols colored by group). Detailed statistical results for all experiments are reported in [Supplementary file 1](#supp1){ref-type="supplementary-material"}. For panels A-E, n = 3--5 sets of flies. See also [Figure 1---figure supplements 1](#fig1s1){ref-type="fig"}--[3](#fig1s3){ref-type="fig"} and [Videos 1](#video1){ref-type="video"} and [2](#video2){ref-type="video"}.\
10.7554/eLife.47677.007Figure 1---source data 1.Raw data for [Figure 1](#fig1){ref-type="fig"}.](elife-47677-fig1){#fig1}

A dramatic switch was observed in the behavioral response of starved flies. When acetic acid was applied to the labellum of one- or two-day starved flies, strong, dose-dependent PER was observed, with 86% of flies exhibiting PER to 10% acetic acid after two days of starvation ([Figure 1A](#fig1){ref-type="fig"}). Moreover, when acetic acid was added to concentrations of sucrose ranging from 5 mM to 300 mM, no suppression of sugar-evoked PER was observed in two-day starved flies; in fact, the addition of acetic acid enhanced PER to 5 or 10 mM sucrose ([Figure 1C--D](#fig1){ref-type="fig"} and [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). In one-day starved flies, acetic acid weakly suppressed PER at 50 mM but not 300 mM sucrose ([Figure 1C--D](#fig1){ref-type="fig"}). Thus the behavior of starved flies, especially after two days of food deprivation, contrasts sharply with the strong PER suppression induced by acetic acid in fed flies, indicating that acetic acid is aversive to fed flies but becomes appetitive after starvation.

This switch from an aversive response in fed flies to an appetitive response in starved flies is specific for acetic acid and was not observed for other aversive tastants, such as the bitter compounds quinine and lobeline ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}). Appetitive compounds such as sugar also do not elicit a qualitative switch in behavior, since sugar elicited PER in both fed and starved flies ([Figure 1B](#fig1){ref-type="fig"}). Thus, acetic acid appears unique in its ability to elicit opposing behavioral responses dependent upon internal state.

We next performed experiments to demonstrate that PER elicited by acetic acid is a component of an appetitive feeding response. When a fly is stimulated asymmetrically with an appetitive tastant on only one leg, extension of the proboscis is observed in the direction of the stimulus ([@bib42]; [@bib43]). We first confirmed that acetic acid elicits strong PER in starved flies when applied to the legs instead of the labellum ([Figure 1E](#fig1){ref-type="fig"}). We then stimulated the legs asymmetrically and observed that in 72% of trials, starved flies that showed PER extended the proboscis in the direction of the stimulus ([Figure 1F](#fig1){ref-type="fig"}, [Video 1](#video1){ref-type="video"}). Proboscis extension was never observed in the direction opposing the stimulus, and in 28% of trials flies exhibited PER neither toward nor away from the stimulus ([Figure 1F](#fig1){ref-type="fig"}). When afforded the option to consume 5% acetic acid following PER, 7 of the 10 flies tested consumed it ([Video 2](#video2){ref-type="video"}). Thus, the majority of flies extend their proboscis in the direction of an acetic acid stimulus and voluntarily consume it, suggesting that this response is an appetitive component of feeding behavior.

###### Directional PER to acetic acid.

A Kimwipe containing 5% acetic acid was alternately applied to the left or right legs of a two-day starved fly. Four trials (two left and two right) are shown in this video. In each case the fly extended its proboscis toward the stimulus.

10.7554/eLife.47677.008

###### Starved fly voluntarily consuming acetic acid.

A Kimwipe containing 5% acetic acid was applied to the legs of a two-day starved fly, which caused the fly to exhibit PER and ingest acetic acid from the Kimwipe for approximately 7 s.

10.7554/eLife.47677.009

Acetic acid exists in solution as three chemical species: undissociated acetic acid, which partially dissociates to produce acetate and protons. We asked whether PER to acetic acid reflects a more general taste response to low pH. Starved flies failed to show PER to hydrochloric acid at pH values equivalent to those of 5% or 10% acetic acid, which elicit strong PER, indicating that low pH is not sufficient to induce an appetitive response ([Figure 1---figure supplement 3A](#fig1s3){ref-type="fig"}). We also tested the response of starved flies to potassium acetate at molarities equivalent to those of 5% or 10% acetic acid and failed to observe a response ([Figure 1---figure supplement 3B](#fig1s3){ref-type="fig"}). These experiments suggest that neither protons nor acetate ions are capable of eliciting PER, suggesting that undissociated acetic acid is recognized by taste cells. In accord with this suggestion, propionic acid, a simple carboxylic acid structurally similar to acetic acid, elicited strong PER in starved flies whereas the more distantly related citric acid elicited a weaker response ([Figure 1---figure supplement 3C](#fig1s3){ref-type="fig"}). Thus, undissociated small aliphatic acids may be recognized by gustatory neurons to elicit PER in starved flies.

PER to acetic acid is mediated by the gustatory system {#s2-2}
------------------------------------------------------

Proboscis extension can be elicited by the taste organs, but it remains possible that other sensory modalities such as olfaction contribute to this behavioral response. Acetic acid activates olfactory sensory neurons ([@bib2]). We therefore removed the olfactory organs, the third antennal segment and maxillary palp, from two-day starved flies and observed that PER to acetic acid was unperturbed by this manipulation ([Figure 2A](#fig2){ref-type="fig"}). 76% of flies lacking olfactory organs showed PER to 10% acetic acid, a value close to that observed with control flies (72%; [Figure 2A](#fig2){ref-type="fig"}). Fed flies lacking olfactory organs failed to show PER to acetic acid, mirroring the behavior of control flies ([Figure 2B](#fig2){ref-type="fig"}). Fed flies lacking olfactory organs also continued to show aversion to acetic acid, as we observed significant suppression of PER when acetic acid was added to sucrose ([Figure 2C](#fig2){ref-type="fig"}). These experiments demonstrate that both the appetitive and aversive proboscis extension responses to acetic acid are observed in the absence of olfactory organs, and are likely to be mediated by the gustatory system.

![PER to acetic acid is mediated by the gustatory system, not the olfactory system.\
(**A--B**) Removing the olfactory organs did not affect PER to acetic acid in two-day starved flies (**A**) or fed flies (**B**) (p\>0.05). (**C**) Acetic acid aversion in fed flies, measured by suppression of PER to 50 mM sucrose, was observed in both control flies and flies lacking olfactory organs. Flies lacking olfactory organs were generally more responsive than control flies. (**D**) Two-day starved flies homozygous for the *poxn^∆M22-B5^* mutation showed decreased PER to acetic acid as compared to wild-type controls, *poxn^∆M22-B5^/+* heterozygotes, and *poxn^∆M22-B5^* homozygotes carrying a rescue transgene. In all experiments different groups were compared by two-way repeated measures ANOVA followed by Bonferroni's post-tests (\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001). In panel C, responses within each group were compared to the response to 0% acetic acid using one-way repeated-measures ANOVA followed by Dunnett\'s post-tests (^\#^p\<0.05, ^\#\#^p\<0.01; symbols colored by group). n = 3--5 sets of flies.\
10.7554/eLife.47677.011Figure 2---source data 1.Raw data for [Figure 2](#fig2){ref-type="fig"}.](elife-47677-fig2){#fig2}

We demonstrated the requirement for taste neurons by examining the response to acetic acid in *pox-neuro* (*poxn*) mutants, in which taste bristles are transformed into mechanosensory bristles lacking gustatory receptors ([@bib6]). Starved *poxn^∆M22-B5^* homozygous mutants failed to display PER to any concentration of acetic acid tested ([Figure 2D](#fig2){ref-type="fig"}). In contrast, wild-type flies, *poxn^∆M22-B5^*/+heterozygotes (which have normal bristles), and rescue flies (*poxn^∆M22-B5^* mutants carrying the *SuperA* rescue transgene; [@bib6]) showed strong PER, with up to \~50--70% of flies responding ([Figure 2D](#fig2){ref-type="fig"}). Interpretation of these experiments must be tempered by the observation that the *poxn^∆M22-B5^* mutants often appeared physically smaller than control flies and are known to have central nervous system abnormalities in addition to their lack of taste bristles ([@bib6]). Nonetheless, these experiments suggest that the appetitive and aversive responses to acetic acid require the taste organs and are largely independent of olfaction.

Sugar-sensing neurons mediate PER to acetic acid {#s2-3}
------------------------------------------------

Neurons in the chemosensory bristles of the labellum detect distinct taste modalities, including sugar, bitter, water, and low and high concentrations of salt ([@bib32]; [@bib33]; [@bib7]; [@bib53]; [@bib28]). We employed genetic silencing to identify the neuronal classes responsible for the appetitive and aversive responses to acetic acid. Sugar-sensing neurons express multiple chemoreceptors and elicit PER in response to sugars ([@bib14]; [@bib46]; [@bib21]). The receptor Gr64f is expressed in all sugar-responsive taste neurons ([@bib21]). We therefore silenced the sugar-sensing neurons by expressing *UAS-Kir2.1*, encoding an inwardly rectifying potassium channel ([@bib3]), under the control of the transcriptional activator *Gr64f-Gal4.* Starved flies harboring both the *Gr64f-Gal4* and *UAS-Kir2.1* transgenes showed very low frequencies of PER (12--28%) in response to increasing concentrations of either sucrose or acetic acid ([Figure 3A--B](#fig3){ref-type="fig"}). Control flies containing either the *Gr64f-Gal4* or *UAS-Kir2.1* transgenes alone resembled wild-type flies and exhibited strong PER to both sucrose and acetic acid, with 100% of flies responding to sucrose and \~70--80% responding to acetic acid ([Figure 3A--B](#fig3){ref-type="fig"}). These experiments demonstrate that the appetitive response to acetic acid observed in starved flies is mediated by the sugar-sensing neurons.

![Sugar-sensing neurons mediate PER to acetic acid in starved flies.\
(**A--B**) Silencing the activity of sugar-sensing neurons impaired PER to sucrose (**A**) and acetic acid (**B**) in two-day starved flies. (**C--D**) One-day starved homozygous mutant flies lacking all eight sugar receptors showed decreased PER to sucrose (**C**) but showed increased PER to acetic acid (**D**) relative to heterozygous controls. (**E--G**) RNAi knockdown of *norpA*, encoding PLCß, in sugar-sensing neurons abolished PER to fatty acid (**E**) but did not affect PER to sucrose (**F**) or acetic acid (**G**) in two-day starved flies. For all panels: \*\*p\<0.01, \*\*\*p\<0.001, two-way repeated measures ANOVA followed by Bonferroni\'s post-tests comparing experimental group to each control group. In panel A, statistical analyses did not include the three highest sucrose concentrations because control flies were not tested at these concentrations. n = 3--5 sets of flies.\
10.7554/eLife.47677.013Figure 3---source data 1.Raw data for [Figure 3](#fig3){ref-type="fig"}.](elife-47677-fig3){#fig3}

We asked whether the acetic acid response is mediated by the gustatory receptors (Grs) that detect sugars. Eight Grs are expressed in sugar sensory neurons of the labellum ([@bib21]; [@bib51]). As expected, homozygous flies carrying deletions in all eight sugar-sensing Gr genes (*∆8Grs/∆8Grs*; [@bib52]) showed a strong reduction in PER to sucrose as compared with control heterozygous flies ([Figure 3C](#fig3){ref-type="fig"}). Homozygous mutant flies did exhibit some residual PER to sucrose, which may reflect the presence of additional uncharacterized sugar receptors. In contrast to their strongly reduced response to sugar, homozygous mutant flies continued to show PER to acetic acid ([Figure 3D](#fig3){ref-type="fig"}). Interestingly, acetic acid-evoked PER in homozygous mutant flies was significantly greater than in control flies ([Figure 3D](#fig3){ref-type="fig"}). This increase in PER may reflect the possibility that the sugar-sensing circuit is upregulated in the mutants due to diminished sensory activity or intensified hunger. Alternatively, the absence of sugar receptors at the dendritic membrane may allow for increased accumulation of acetic acid receptors, or acetic acid and sucrose transduction pathways may employ a common limiting component that is no longer limiting in mutant sugar-sensing neurons. Overall, these experiments demonstrate that the response to acetic acid in starved flies is mediated by the sugar-sensing neurons but does not employ the sugar receptors.

The sugar-sensing neurons also elicit PER in response to fatty acids, such as hexanoic and octanoic acid, through a molecular mechanism distinct from sugar detection ([@bib34]; [@bib48]; [@bib1]). We therefore asked whether sugar neurons recognize acetic acid and fatty acids through the same mechanism, since hexanoic and octanoic acids also are aliphatic carboxylic acids. A previous study showed that PER induced by fatty acids requires phospholipase C (PLC) signaling in sugar-sensing neurons whereas PLC is dispensable for PER to sucrose ([@bib34]). We therefore tested whether PLC signaling in sugar neurons is required for PER to acetic acid. An RNAi transgene targeting the gene *norpA*, a fly ortholog of PLC, was expressed in sugar neurons under the control of *Gr64f-Gal4*. RNAi inhibition of *norpA* expression in the sugar neurons severely reduced PER to fatty acids whereas PER to either sucrose or acetic acid was unaffected ([Figure 3E--G](#fig3){ref-type="fig"}). These data suggest that the appetitive response to acetic acid is mediated by sugar-sensing neurons, but engages molecular pathways distinct from those employed in the detection of either sugars or fatty acids.

Bitter-sensing neurons suppress PER to acetic acid {#s2-4}
--------------------------------------------------

We next identified the neurons that mediate the aversive response to acetic acid in fed flies. Multiple classes of bitter sensory neurons reside in the labellum, and each of these neurons expresses the receptor *Gr66a* ([@bib50]). We therefore employed the regulatory sequences of *Gr66a* to drive the expression of *Kir2.1* to silence the bitter neurons. In initial experiments we demonstrated the efficacy of Kir2.1 silencing. Starved control flies exhibit PER to sucrose, and this response is strongly diminished by the addition of the bitter compounds quinine or lobeline ([Figure 4---figure supplement 1A--B](#fig4s1){ref-type="fig"}). This suppression of PER by bitter compounds is no longer observed when Kir2.1 is expressed in bitter neurons, demonstrating the efficacy of Kir2.1 silencing ([Figure 4---figure supplement 1A--B](#fig4s1){ref-type="fig"}). We therefore employed Kir2.1 to examine the effect of silencing bitter neurons on the aversive responses to acetic acid in fed flies. In control fed flies acetic acid suppressed PER to sucrose, but this suppression was largely eliminated when the bitter neurons were silenced ([Figure 4A](#fig4){ref-type="fig"}). In controls,\~80% of flies exhibited PER to sucrose alone, and this was reduced to \~20--30% upon addition of 10% acetic acid. In contrast, when bitter neurons were silenced over 80% of flies continued to exhibit PER upon exposure to a mixture of sugar and 10% acetic acid ([Figure 4A](#fig4){ref-type="fig"}). These results indicate that bitter-sensing neurons mediate the aversive response to acetic acid in fed flies.

![Bitter-sensing neurons suppress PER to acetic acid.\
(**A**) Silencing bitter-sensing neurons strongly reduced aversion to acetic acid in fed flies. Aversion was measured as the suppression of PER to 100 mM sucrose containing acetic acid. Both sets of control flies showed significant aversion to acetic acid (^\#\#^p\<0.01; symbols colored by group), whereas experimental flies did not show significant aversion (one-way repeated-measures ANOVA followed by Dunnett\'s post-tests comparing responses to 0% acetic acid to responses at all other concentrations). (**B--C**) Silencing bitter-sensing neurons enhanced PER to acetic acid alone in fed flies (**B**) and two-day starved flies (**C**). (**D--F**) Comparing fed and starved flies of each genotype (same data as panels B and C) revealed that starvation enhanced PER in all genotypes. For all panels: \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, two-way ANOVA (repeated measures for panels A-C) followed by Bonferroni\'s post-tests comparing experimental group to each control group. n = 3--4 sets of flies. See also [Figure 4---figure supplements 1](#fig4s1){ref-type="fig"} and [2](#fig4s2){ref-type="fig"}.\
10.7554/eLife.47677.017Figure 4---source data 1.Raw data for [Figure 4](#fig4){ref-type="fig"}.](elife-47677-fig4){#fig4}

We also examined the consequences of bitter neuron silencing on the responses to acetic acid alone. Starved flies exhibit PER to acetic acid alone, but this response is not observed in fed flies ([Figure 1A](#fig1){ref-type="fig"}). Acetic acid elicited PER in \~20% of control fed flies, a value near baseline ([Figure 4B](#fig4){ref-type="fig"}). Silencing of the bitter neurons resulted in a striking increase in the percentage of fed flies that exhibited PER to acetic acid (\~60--80%; [Figure 4B](#fig4){ref-type="fig"}). Silencing bitter neurons in fed flies did not affect PER to sucrose alone, indicating that the bitter neurons do not exert nonspecific suppression of PER ([Figure 4---figure supplement 1C](#fig4s1){ref-type="fig"}). These results afford an explanation for the observation that fed flies normally fail to exhibit PER to acetic acid. Our data suggest that acetic acid activates sugar-sensing neurons, which promote an appetitive response, but in the fed state simultaneous activation of bitter-sensing neurons completely suppresses this response. Silencing the bitter neurons eliminates this suppression, unmasking the appetitive response.

Silencing the bitter neurons resulted not only in the emergence of PER to acetic acid in fed flies but also enhanced PER to acetic acid in starved flies ([Figure 4C](#fig4){ref-type="fig"}). PER to 10% acetic acid was observed in 70--80% of control flies and this value increased to 96% upon bitter neuron silencing ([Figure 4C](#fig4){ref-type="fig"}). Silencing bitter neurons in starved flies did not affect PER to sucrose ([Figure 4---figure supplement 1D](#fig4s1){ref-type="fig"}). These results demonstrate that even in the starved state, bitter neurons suppress PER to acetic acid. The observation that bitter neuron silencing has a stronger effect on acetic acid-induced PER in fed flies ([Figure 4B](#fig4){ref-type="fig"}) than in starved flies ([Figure 4C](#fig4){ref-type="fig"}) suggests that activity within the bitter-sensing circuit is suppressed in the starved state. This inhibition by hunger could occur either within or downstream of bitter sensory neurons.

The striking increase in PER to acetic acid after starvation results from the hunger-dependent suppression of the bitter-sensing circuit but may also reflect enhancement of the appetitive sugar-sensing pathway. We and others observe that PER to sucrose is increased by starvation, indicating that the neural pathway for sugar-sensing is upregulated by hunger ([Figure 1B](#fig1){ref-type="fig"}; [@bib25]). We therefore examined the relative contributions of the sugar- and bitter-sensing pathways to acetic acid-induced PER. We compared responses to acetic acid in both fed and starved flies with and without bitter neuron silencing. In control flies, starvation strongly increased PER to acetic acid:\~20% of fed flies and 70--80% of starved flies responded at the highest concentration ([Figure 4D--E](#fig4){ref-type="fig"}). Upon bitter neuron silencing the difference between PER in fed and starved flies was still observed, but was much smaller in magnitude: 68% of fed flies and 96% of starved flies responded at the highest concentration ([Figure 4F](#fig4){ref-type="fig"}). This starvation-dependent enhancement of PER in bitter-silenced flies is likely to reflect the enhancement of the sugar-sensing circuit. These results reveal a state-dependent interaction between the bitter- and sugar-sensing circuits that affords a logic for the behavioral switch. In fed flies, bitter neurons strongly suppress the appetitive response to acetic acid mediated by sugar neurons. Hunger results in a behavioral switch that increases PER both by suppressing the bitter-sensing circuit and enhancing the sugar-sensing circuit.

IR25a and IR76b are not required for acetic acid responses {#s2-5}
----------------------------------------------------------

Two members of the ionotropic receptor (IR) family of chemoreceptors, IR25a and IR76b, function in tarsal sugar-sensing neurons to detect fatty acids and in a separate population of tarsal sour-sensing neurons to detect organic and inorganic acids ([@bib1]; [@bib13]). These IRs also mediate salt detection in multiple classes of labellar taste neurons, including sugar-sensing neurons ([@bib53]; [@bib28]). We therefore tested whether IR25a and IR76b are required for appetitive or aversive taste responses to acetic acid.

We tested the *Ir25a* and *IR76b* mutant lines that exhibit impairments in fatty acid and sour taste detection as well as the control strain (*w^1118^*) used in these studies ([@bib1]; [@bib13]). Starved flies carrying mutations in *Ir25a* or *Ir76b* showed robust PER to 1--10% acetic acid, indicating that these receptors are not required for the appetitive response to acetic acid ([Figure 4---figure supplement 2A and D](#fig4s2){ref-type="fig"}). Fed flies carrying *IR25a* or *IR76b* mutations showed very low levels of PER to acetic acid, indicating that the aversive pathway that suppresses acetic acid-evoked PER in the fed state remains intact ([Figure 4---figure supplement 2B and E](#fig4s2){ref-type="fig"}). We note that both fed and starved *IR25a* mutant flies showed slightly lower PER to acetic acid than controls, suggesting that IR25a may contribute to this response even though it is not strictly required for acetic acid detection. We also tested the ability of acetic acid to suppress sucrose-evoked PER in fed flies. In *IR25a* mutants, the suppression of sucrose-evoked PER was similar or stronger than we observed in control *w^1118^* flies ([Figure 4---figure supplement 2C](#fig4s2){ref-type="fig"}). *IR76b* mutants also showed a decrease in sucrose-evoked PER as the acetic acid concentration was increased from 1% to 10%, but low concentrations of acetic acid unexpectedly enhanced their response to sucrose ([Figure 4---figure supplement 2F](#fig4s2){ref-type="fig"}). This enhancement is likely due to the genetic background of the flies and not to the loss of IR76b because *IR76b/+* heterozygotes, which carry one functional copy of *IR76b*, showed the same effect, and their responses to sucrose containing acetic acid did not significantly differ from homozygotes ([Figure 4---figure supplement 2G--H](#fig4s2){ref-type="fig"}). Taken together, these experiments indicate that IR25a and IR76b are not required for either appetitive or aversive responses to acetic acid.

Acetic acid activates sugar- and bitter-sensing neurons {#s2-6}
-------------------------------------------------------

The observation that the appetitive response to acetic acid is mediated by sugar-sensing neurons whereas the aversive response is mediated by bitter neurons suggests that acetic acid is an unusual tastant capable of activating two opposing classes of sensory cells. We therefore performed two-photon imaging of taste sensory neurons to confirm whether acetic acid activates both sugar- and bitter-sensing cells. The genetically encoded calcium indicator *GCaMP6f* ([@bib11]) was expressed in sugar- (*Gr64f-Gal4*) or bitter- (*Gr66a-Gal4*) sensing neurons. Imaging was performed on sensory axon termini in the subesophageal zone (SEZ) of the fly brain ([Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). Strong GCaMP responses to acetic acid were observed in sugar neurons in both fed and starved flies, with the peak response to acetic acid about half of that observed with 500 mM sucrose ([Figure 5A--D](#fig5){ref-type="fig"}). We noted that the responses to acetic acid stimuli often appeared more variable across trials and flies than responses to sucrose ([Figure 5D](#fig5){ref-type="fig"}; [Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}). Despite this variability, sugar neurons in 27 of 28 fed or starved flies responded to acetic acid at levels greater than the water response.

![Acetic acid activates sugar- and bitter-sensing neurons.\
(**A--H**) Calcium imaging of taste sensory neurons reveals that acetic acid (AA) activates sugar-sensing neurons (labeled with *Gr64f-Gal4*; panels A-D) and bitter-sensing neurons (labeled with *Gr66a-Gal4*; panels E-H) in both fed and two-day starved flies. (**A, E**) Spatial maps of GCaMP activation by each stimulus for individual flies (A, fed; E, starved). (**B, F**) Example ∆F/F~0~ traces for individual trials in the same flies shown in A and E, respectively. (**C, G**) Average GCaMP activation across all trials in all flies of each group. Gray bars indicate stimulus delivery (2 s). (**D, H**) Peak response to each stimulus averaged across all trials for each group. Circles represent individual fly averages. Within each group, responses to each stimulus were compared to responses to water, and fed and starved groups were also compared for each stimulus (\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, two-way ANOVA followed by Bonferroni post-tests). Data shown in this figure represent n = 15--19 trials, six flies per group (sugar neurons, sucrose stimuli), n = 39--43 trials, 14 flies per group (sugar neurons, AA stimuli), n = 30 trials, 10 flies per group (bitter neurons, lobeline stimuli), or n = 54 trials, 18 flies (bitter neurons, AA stimuli). n values are larger for AA stimuli because we combined the results of two different datasets, but only the more recent dataset included the appropriate sucrose and lobeline stimuli. Only the more recent dataset is shown in panels C and G, whereas peak responses to AA stimuli for the combined dataset are analyzed in panels D and H. See also [Figure 5---figure supplements 1](#fig5s1){ref-type="fig"}--[7](#fig5s7){ref-type="fig"}.\
10.7554/eLife.47677.026Figure 5---source data 1.Raw data for [Figure 5](#fig5){ref-type="fig"}.](elife-47677-fig5){#fig5}

We also examined the acetic acid response in sugar neurons of fed homozygous mutant flies carrying deletions in all eight sugar receptors (*∆8Grs/∆8Grs*). The response to sucrose in these mutants was reduced to the level of the response to water, whereas the response to acetic acid was not affected ([Figure 5---figure supplement 3](#fig5s3){ref-type="fig"}). Acetic acid activation of sugar neurons was variable across flies, but the proportion of flies responding to acetic acid did not differ by genotype: sugar neurons in 6 of 9 control flies and 6 of 9 mutant flies showed responses to at least one concentration of acetic acid. Thus the response to acetic acid in sugar neurons does not require sugar receptors, a result consistent with the observation that sugar receptor mutants still show PER to acetic acid ([Figure 3D](#fig3){ref-type="fig"}). Acetic acid elicits stronger PER in these mutants than in controls but activates the sugar neurons to similar levels in fed flies. These results suggest that the enhanced PER of the mutants is not likely due to an accumulation of acetic acid receptors or increased acetic acid transduction in sugar-sensing neurons. Instead, the diminished response of sensory neurons to sugar as well as intensified hunger may lead to upregulation of the downstream sugar circuit and result in enhanced PER without changes in sensory neuron activation.

We next imaged the bitter-sensing neurons and observed significant GCaMP responses to both 1% and 5% acetic acid ([Figure 5E--H](#fig5){ref-type="fig"}). As in the sugar neurons, acetic acid responses in bitter neurons often appeared more variable across trials and flies than responses to bitter ([Figure 5H](#fig5){ref-type="fig"}; [Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}), but neurons in the majority of both fed and starved flies responded to acetic acid (15/18 fed flies and 16/18 starved flies). Acetic acid activated the bitter neurons with peak responses about 30% of those obtained with 1 mM lobeline ([Figure 5E--H](#fig5){ref-type="fig"}). The difference between the levels of activity elicited by lobeline and acetic acid may reflect different sensitivities of bitter neurons to the two compounds or the activation of a smaller subset of neurons by acetic acid. We imaged the acetic acid response of four different subclasses of bitter neurons ([@bib50]) and observed that only the S-b class exhibited a significant peak response when compared to the response to water ([Figure 5---figure supplement 4](#fig5s4){ref-type="fig"}). This finding is consistent with studies showing the strongest acetic acid responses in bitter cells of S-type sensilla ([@bib40]) and specifically the S-b class ([@bib10]). We do not rule out the possibility that other classes of bitter neurons also respond to acetic acid (see [Figure 5---figure supplement 4](#fig5s4){ref-type="fig"}). Overall, these results show that acetic acid activates both sugar- and bitter-sensing taste neurons.

In both sugar- and bitter-sensing neurons, the average response magnitudes to 5% acetic acid were similar or slightly lower than the response to 1% ([Figure 5](#fig5){ref-type="fig"}). We therefore tested a broader range of acetic acid concentrations. Responses to higher concentrations such as 10% could not be accurately quantified because they frequently activated sensory neurons even before making contact with the labellum, likely due to volatile acetic acid molecules, so we focused on lower concentrations. In sugar neurons, we observed dose-dependent responses as the concentration was increased from 0.01% to 1%, but the response diminished slightly at 5% ([Figure 5---figure supplement 5A](#fig5s5){ref-type="fig"}). Bitter neurons failed to show dose dependence in this concentration range ([Figure 5---figure supplement 5B](#fig5s5){ref-type="fig"}). A diminished response over trials may contribute to the apparent lack of dose dependence, since we always tested acetic acid concentrations in ascending order. Indeed, testing 5% acetic acid prior to any other concentrations induced a much higher bitter neuron response (113 ± 15% ∆F/F~0~, n = 18 trials, six flies) than in other experiments where 5% acetic acid was tested last (54--56% ∆F/F~0~; [Figure 5H](#fig5){ref-type="fig"} and [Figure 5---figure supplement 5B](#fig5s5){ref-type="fig"}). Overall, we find that bitter neurons fail to show clear dose-dependent responses to acetic acid and sugar neurons show dose dependence only at low concentrations. These results suggest that acetic acid may exert a more complex effect on sensory neurons than other tastants. For example, secondary effects on neuronal activity could be induced by low pH or by undissociated acetic acid molecules, which may cross the cell membrane and directly affect intracellular pathways ([@bib16]; [@bib32]).

Because acetic acid activates both sugar- and bitter-sensing neurons, we confirmed that acetic acid does not promiscuously activate all classes of taste neurons by imaging responses of water-sensing neurons, sensory cells in the labellum that respond to low osmolarity tastants ([@bib7]). Water-sensing neurons responded broadly to several taste stimuli at levels that were inversely related to their osmolarity ([Figure 5---figure supplement 6](#fig5s6){ref-type="fig"}). When the low-osmolarity response of water-sensing neurons was blocked by adding the high molecular mass polymer polyethylene glycol (PEG) to each taste solution, acetic acid did not activate the water-sensing neurons beyond the level elicited by PEG alone ([Figure 5---figure supplement 6C--D](#fig5s6){ref-type="fig"}). Acetic acid therefore activates water-sensing neurons solely by the osmolarity-sensing mechanism. Thus, the responses to acetic acid in sugar- and bitter-sensing neurons are specific and are likely to be mediated by receptors that recognize acetic acid.

Hunger modulation of taste sensory neuron responses {#s2-7}
---------------------------------------------------

We next compared the responses of sugar- and bitter-sensing neurons in fed and two-day starved flies. We confirmed that the GCaMP6f-expressing flies used for imaging show behavioral changes in response to hunger: like wild-type flies, they show strong hunger-dependent increases in PER to both acetic acid and sucrose ([Figure 5---figure supplement 7](#fig5s7){ref-type="fig"}). Previous studies suggest that hunger increases sugar neuron responses to sucrose and suppresses bitter neuron responses to lobeline ([@bib25]; [@bib26]; [@bib31]). We observed a trend toward increased sucrose responses in sugar neurons after starvation (p=0.063 for the effect of starvation, two-way ANOVA), but lobeline responses of bitter neurons did not differ between fed and starved flies ([Figure 5C--D and G--H](#fig5){ref-type="fig"}). Because [@bib25] detected differences between sucrose responses of fed and starved flies by quantifying the integrated ∆F/F~0~ response rather than the peak response, we also quantified integrated ∆F/F~0~ responses to sucrose, which showed a significant difference between fed and starved flies at 500 mM sucrose (p\<0.05, two-way ANOVA followed by Bonferroni post-tests). Analyzing the integrated ∆F/F~0~ response did not reveal any significant differences between lobeline responses of bitter neurons in fed and starved flies.

We then examined sensory neuron responses to acetic acid in fed and starved flies. In both sugar and bitter neurons, starved flies showed significantly higher responses than fed flies to 1% but not 5% acetic acid ([Figure 5C--D and G--H](#fig5){ref-type="fig"}). Hunger increased the average peak response to 1% acetic acid from 117% to 166% ∆F/F~0~ in sugar neurons and from 46% to 87% ∆F/F~0~ in bitter neurons. In sugar neurons, but not bitter neurons, starved flies also showed a trend toward higher responses to 5% acetic acid than fed flies. Our genetic silencing data suggest that hunger elicits a behavioral switch in the acetic acid response by upregulating the sugar-sensing circuit and downregulating the bitter-sensing circuit. Thus the enhancement of the sugar neuron response to acetic acid in starved flies may contribute to the increase in PER, but the enhancement of the bitter neuron response is not consistent with the behavioral change. This effect on bitter neurons along with the lack of significant hunger-dependent changes at 5% acetic acid in either sugar or bitter neurons, despite the fact that PER to 5% acetic acid shows even greater hunger modulation than at 1% ([Figure 1A](#fig1){ref-type="fig"}; [Figure 5---figure supplement 7](#fig5s7){ref-type="fig"}), suggests that sensory neuron modulation is not likely to account for the behavioral switch in the acetic acid response. The striking effects of internal state on this behavior may therefore reflect state-dependent modulation of both the sugar and bitter circuits downstream of the sensory neurons.

Discussion {#s3}
==========

Innate behaviors are observed in naive animals without prior learning or experience, suggesting that they are mediated by neural circuits that are genetically determined. Meaningful stimuli such as the taste and smell of food elicit stereotyped behaviors that are observed in all individuals in a species. However, innate behavioral responses can also exhibit flexibility and can be modulated by experience, expectation, and internal state ([@bib4]; [@bib18]; [@bib30]). Taste circuits in flies and mice appear to be anatomically and functionally programmed to elicit an innate appetitive or aversive response, ensuring that animals consume nutritious foods and avoid the ingestion of toxins ([@bib32]). We have examined the response of *Drosophila* to acetic acid, a tastant that can be a metabolic resource but can also be toxic to the fly. Our data reveal that flies accommodate these conflicting attributes of acetic acid by virtue of a hunger-dependent switch in their behavioral response to this stimulus. Fed flies show taste aversion to acetic acid, likely a response to its potential toxicity, whereas starved flies show a robust appetitive response that may reflect their overriding need for calories. These opposing responses are mediated by two different classes of taste neurons. Acetic acid activates both the sugar and bitter pathways, which have opposing effects on feeding behavior. The choice of behaviors is determined by internal state: hunger shifts the response from aversion to attraction by enhancing the appetitive sugar pathway as well as suppressing the aversive bitter pathway ([Figure 6](#fig6){ref-type="fig"}).

![Model for a hunger-dependent switch in the behavioral response to acetic acid.\
Acetic acid activates both sugar- and bitter-sensing neurons ('S' and 'B' respectively). Sugar-sensing neurons promote PER to acetic acid whereas bitter-sensing neurons suppress PER. The balance of these two pathways determines the behavioral response. Hunger both enhances the sugar pathway and suppresses the bitter pathway, most likely by primarily acting downstream of sensory neurons. Thus the bitter pathway dominates in the fed state to suppress PER and elicit aversion, whereas the sugar pathway dominates in the starved state to elicit appetitive PER behavior. Silencing the sugar or bitter neurons (gray) shifts the balance of the two pathways to alter the behavioral response, as shown in the three right schematics.](elife-47677-fig6){#fig6}

Activation of sugar and bitter neurons by acetic acid {#s3-1}
-----------------------------------------------------

The adaptive response to acetic acid is dependent on two biological features, the ability of acetic acid to activate two classes of sensory neurons that elicit opposing behaviors and the state-dependent modulation of these two taste pathways. We observe that acetic acid activates both the bitter- and sugar-sensing neurons. The activation of bitter neurons by organic acids has been observed previously by electrophysiologic recording of labellar sensilla, and these acids result in taste aversion ([@bib10]; [@bib40]). The observation that bitter neurons respond not only to organic acids but also to hydrochloric acid suggested that a subset of bitter neurons serve as a pH sensor eliciting taste aversion ([@bib10]). However, [@bib40] recently identified IR7a as a narrowly tuned acetic acid receptor acting in bitter neurons. We have not tested whether IR7a mediates the aversive responses to acetic acid that we observe.

We also observe that acetic acid activates sugar neurons, eliciting an appetitive taste response. This behavioral response is not observed upon exposure to low pH or acetate, suggesting the presence of a receptor on sugar neurons recognizing short chain aliphatic acids. Two studies have reported that whereas acetic acid activates bitter neurons, it fails to activate sugar neurons ([@bib10]; [@bib40]). In these studies acetic acid activated S-type sensilla, which contain both bitter and sugar neurons, but failed to activate L-type sensilla, which contain sugar neurons but not bitter neurons. These results obtained by sensillar recordings contrast with our observations that acetic acid activates the axon termini of sugar neurons. One possible explanation for this discrepancy is that sugar neurons in S-type sensilla respond to acetic acid. [@bib40] observe that in mutants lacking IR7a, S-type sensilla continue to exhibit weak responses to acetic acid, which may represent responses of sugar neurons. We are imaging axonal activity across the entire population of \~62 labellar sugar neurons, whereas electrophysiologic studies record single cells. Weaker dendritic responses not detected by extracellular sensilla recordings may be summated to produce observable axonal responses. In addition, nonlinear amplification of spike rates into calcium responses or presynaptic facilitation by modulatory inputs could also transform weak dendritic responses into stronger axonal signals.

We are confident in our result that sugar neurons show axonal GCaMP responses to acetic acid. Acetic acid activated sugar neurons in 27 of 28 flies initially tested ([Figure 5A--D](#fig5){ref-type="fig"}), and overall we have observed acetic acid activation of sugar neurons with three different *Gal4* drivers and two different GCaMP variants ([Figure 5A--D](#fig5){ref-type="fig"}, [Figure 5---figure supplement 3](#fig5s3){ref-type="fig"}, and data not shown). Moreover, the observation that acetic acid elicits PER in starved flies and this response is eliminated upon silencing activity of the sugar neurons is most consistent with the fact that sugar neurons are activated by acetic acid. It is puzzling, however, that the dose-dependence of sugar neuron responses does not parallel the dose-dependence of acetic acid-evoked PER, which increases from 1% to 10% acetic acid ([Figure 1A](#fig1){ref-type="fig"}; [Figure 5---figure supplement 7](#fig5s7){ref-type="fig"}). One possibility is that a subset of sugar neurons are activated dose-dependently and contributes most strongly to PER, and we may not observe this dose-dependence when imaging activity across all sugar neurons. Alternatively, despite our finding that sugar neuron activity is required for PER to acetic acid, additional sensory neurons may contribute to this behavior and detect acetic acid in a dose-dependent manner.

Silencing sugar or bitter neurons largely abolishes the appetitive or aversive response to acetic acid, respectively, suggesting that we have identified the primary neurons that mediate these behaviors. However, our experiments do not rule out the possibility that other labellar taste neurons contribute to these behaviors. The fact that the leg contains dedicated acid-sensing neurons raises the possibility of whether such neurons also exist in the labellum ([@bib13]). The tarsal acid-sensing neurons utilize IR76b and IR25a, which are dispensable for the acetic acid-induced behaviors we have studied ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}), suggesting that putative labellar acid-sensing neurons would utilize a different molecular mechanism.

The activation of different classes of sensory neurons by a single tastant has been observed for salt ([@bib53]; [@bib28]), the long chain fatty acid, hexanoic acid ([@bib1]), as well as for acetic acid in this study. In both flies and mammals, low salt concentrations elicit attraction whereas high salt results in aversion and these opposing behaviors are mediated by distinct classes of sensory neurons ([@bib53]; [@bib28]; [@bib9]; [@bib37]). Hexanoic acid, a caloric source, activates fatty acid receptors in sugar neurons and at high concentrations activates a different receptor in bitter neurons ([@bib1]). A logical pattern emerges in which tastants of potential value to the fly activate attractive taste pathways. These compounds may also be toxic and also activate aversive pathways either at higher concentrations or in different internal states. This affords the fly protection from the potential toxicity of excess, a protection that can be ignored under extreme conditions to assure survival.

Hunger modulation of neural circuits and behavior {#s3-2}
-------------------------------------------------

Internal state can elicit profound behavioral changes that allow the organism to adapt to a changing internal world. Hunger, for example, results in enhanced food search and consumption, increased locomotion, changes in food preference, and altered olfactory and taste sensitivity ([@bib47]; [@bib27]; [@bib39]; [@bib51]). Previous studies have observed that hunger enhances olfactory attraction to cider vinegar, increases sugar sensitivity, and decreases bitter sensitivity ([@bib41]; [@bib25]; [@bib26]). These effects of hunger represent gain changes; stimuli become more attractive or aversive. By contrast, our experiments reveal a qualitative change in the valence of acetic acid: hunger induces a switch from taste aversion to attraction.

Genetic silencing experiments indicate that this switch in starved flies results from enhancement of the appetitive pathway, mediated by sugar neurons, and inhibition of the aversive pathway mediated by bitter neurons. Conversely, in fed flies the appetitive pathway is inhibited whereas the aversive pathway is enhanced. Previous studies suggest that hunger modulates behavioral responses to sugar and bitter at least in part by modulating the activity of the initial neurons in these pathways, the sensory neurons ([@bib25]; [@bib26]; [@bib31]). Our experiments imaging sensory neuron projections in the SEZ revealed a trend toward increased sugar neuron responses to sucrose in starved flies but did not show hunger modulation of the bitter neuron response to lobeline. It is possible that hunger modulation would have been apparent if we tested a greater range of concentrations or that fly to fly variability precluded us from detecting subtle differences. We did observe that hunger significantly increased the responses of both sugar and bitter neurons to 1% acetic acid, and sugar neurons also showed a trend toward enhanced responses at 5%. Thus the enhancement of sugar neuron responses may contribute to increased acetic acid-evoked PER in starved flies. However, modulation of sensory neurons is unlikely to entirely account for the behavioral switch in the acetic acid response for multiple reasons. First, behavioral data suggest that hunger suppresses the bitter circuit, but bitter-sensing neurons show an enhanced response to acetic acid. Second, flies show a greater hunger-dependent change in PER to 5% than 1% acetic acid, but sensory neuron responses only show significant modulation at 1%.

Our data therefore suggest that the striking state-dependent switch in the behavioral response to acetic acid may reflect modulation of taste pathways downstream of the sensory neurons. The circuit from sensory neurons leading to proboscis extension remains largely uncharacterized but multiple nodes subject to modulation can be anticipated. The response to sugar extends to multiple behaviors beyond PER including ingestion, swallowing, and suppression of locomotion, each of which is likely to be modulated by hunger ([@bib39]). Modulation at the level of sensory neurons affords gain control that will result in changes in all behaviors elicited by gustatory neurons. Modulation of downstream taste neurons facilitating sensorimotor transformations could afford a flexibility enabling independent control of different behavioral programs driven by the same taste stimulus. This affords genetically determined neural circuits mediating innate behaviors the opportunity for more complex modulation dependent on perception, motivation, and internal state.

Materials and methods {#s4}
=====================

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reagent type\                                 Designation                                              Source or reference          Identifiers            Additional\
  (species) or\                                                                                                                                              information
  resource                                                                                                                                                   
  --------------------------------------------- -------------------------------------------------------- ---------------------------- ---------------------- -------------
  Genetic reagent (*Drosophila melanogaster*)   wild-type control*2U (isoCJ1)*                           [@bib19]                                            

  Genetic reagent (*D. melanogaster*)           *poxn^∆M22-B5^*                                          [@bib6]                      Flybase: FBal0144686   

  Genetic reagent (*D. melanogaster*)           *poxn^∆M22-B5^* with *SuperA* (rescue)                   [@bib6]                      Flybase: FBal0144670   

  Genetic reagent (*D. melanogaster*)           *∆8Grs (R1, ∆Gr5a;; ∆Gr61a, ∆Gr64a-f)*                   [@bib52]                                            

  Genetic reagent (*D. melanogaster*)           *R1, ∆Gr5a; Gr61a-Gal4, UAS-GCaMP6m; ∆Gr61a, ∆Gr64a-f*   [@bib52]                                            

  Genetic reagent (*D. melanogaster*)           *IR25a^1^*                                               [@bib5]                      Flybase: FBst0041736   

  Genetic reagent (*D. melanogaster*)           *IR25a^2^*                                               [@bib5]                      Flybase: FBst0041737   

  Genetic reagent (*D. melanogaster*)           *IR76b^1^*                                               [@bib53]                     Flybase: FBst0051309   

  Genetic reagent (*D. melanogaster*)           *IR76b^2^*                                               [@bib53]                     Flybase: FBst0051310   

  Genetic reagent (*D. melanogaster*)           *w^1118^*                                                Amrein lab                   Flybase: FBst0003605   

  Genetic reagent (*D. melanogaster*)           *Gr64f-Gal4*                                             [@bib14]                     Flybase: FBtp0057275   

  Genetic reagent (*D. melanogaster*)           *Gr66a-Gal4*                                             [@bib44]                     Flybase: FBtp0014661   

  Genetic reagent (*D. melanogaster*)           *Gr98d-Gal4*                                             [@bib50]                     Flybase: FBst0057692   

  Genetic reagent (*D. melanogaster*)           *Gr22f-Gal4*                                             [@bib50]                     Flybase: FBst0057610   

  Genetic reagent (*D. melanogaster*)           *Gr59c-Gal4*                                             [@bib50]                     Flybase: FBst0057650   

  Genetic reagent (*D. melanogaster*)           *Gr47a-Gal4*                                             [@bib50]                     Flybase: FBst0057638   

  Genetic reagent (*D. melanogaster*)           *ppk28-Gal4*                                             [@bib7]                      Flybase: FBtp0054514   

  Genetic reagent (*D. melanogaster*)           *UAS-Kir2.1*                                             [@bib3]                      Flybase: FBtp0014166   

  Genetic reagent (*D. melanogaster*)           *UAS-GCaMP6f*                                            [@bib11]                     Flybase: FBst0042747   

  Genetic reagent (*D. melanogaster*)           *UAS-norpA^RNAi^*                                        [@bib34]                     Flybase: FBst0031113   

  Chemical compound, drug                       acetic acid                                              Sigma-Aldrich                338826                 

  Chemical compound, drug                       sucrose                                                  Sigma-Aldrich                S9378                  

  Chemical compound, drug                       lobeline hydrochloride                                   Sigma-Aldrich                141879                 

  Chemical compound, drug                       quinine hydrochloride\                                   Sigma-Aldrich                Q1125                  
                                                dihydrate                                                                                                    

  Chemical compound, drug                       myristic acid                                            Sigma-Aldrich                M3128                  

  Software, algorithm                           Prism, version 4                                         GraphPad                                            

  Software, algorithm                           MATLAB                                                   Mathworks                                           

  Other                                         two-photon laser scanning microscope                     Ultima, Bruker                                      

  Other                                         Ti:S laser                                               Chameleon Vision, Coherent                          

  Other                                         GaAsP detector                                           Hamamatsu Photonics                                 
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Fly stocks and maintenance {#s4-1}
--------------------------

Flies were reared at 25°C and 70% relative humidity on standard cornmeal food. The wild-type control strain was *2U* (*isoCJ1*; [@bib19]). All lines used for behavior were outcrossed into this background for at least five generations, with the exception of the *∆8Grs* line which contained too many mutations to outcross and the *IR25a* and *IR76b* mutants which were tested with the *w^1118^* controls that other studies have used ([@bib13]; [@bib1]). PER assays were generally performed on 3--6 day-old mated females. Calcium imaging was performed on \>1 week-old flies to ensure robust GCaMP6f expression, and PER assays for GCaMP6f-expressing flies were performed using flies of the same age.

All fly strains have been described previously: *Gr64f-Gal4* ([@bib14]); *Gr66a-Gal4* ([@bib44]); *ppk28-Gal4* ([@bib7]); *Gr98d-Gal4*, *Gr22f-Gal4*, *Gr59c-Gal4*, and *Gr47a-Gal4* ([@bib50]); *UAS-Kir2.1* ([@bib3]); *UAS-GCaMP6f* ([@bib11]); *UAS-norpA^RNAi^* ([@bib34]); *poxn^∆M22-B5^* and *poxn^∆M22-B5^ + SuperA* rescue ([@bib6]); *∆8Grs* (*R1, ∆Gr5a;; ∆Gr61a, ∆Gr64a-f*) and *∆8Grs* with transgenes for GCaMP imaging (*R1, ∆Gr5a; Gr61a-Gal4, UAS-GCaMP6m; ∆Gr61a, ∆Gr64a-f*) ([@bib52]); *IR25a^1^* and *IR25a^2^* ([@bib5]); *IR76b^1^* and *IR76b^2^* ([@bib53]).

PER assay {#s4-2}
---------

Fed flies were taken directly from food vials for testing. Starved flies were food-deprived with water (using a wet piece of Kimwipe) for the specified amount of time before testing. Flies were anesthetized on ice and immobilized on their backs with myristic acid. Unless otherwise specified, PER experiments were conducted by taste stimulation of the labellum. To ensure that we could deliver tastants to the labellum without contacting the legs, we immobilized the two anterior pairs of legs with myristic acid. For leg stimulation experiments ([Figure 1E--F](#fig1){ref-type="fig"}, [Video 1](#video1){ref-type="video"}, and [Video 2](#video2){ref-type="video"}), all legs remained free. Flies recovered from gluing for 30--60 min in a humidified chamber before testing.

Before testing PER, flies were water-satiated so that thirst would not affect their responses. PER to water (the negative control) was tested after water-satiation, followed by taste stimuli in ascending order of concentration. Flies were water-satiated again before each test. Each test consisted of two trials in which the solution was briefly applied to the labellum or legs using a small piece of Kimwipe. PER on at least one of the two trials was considered a positive response. Only full proboscis extensions, not partial extensions, were counted as PER. Flies were tested in groups of 15--20, and the percent of flies showing PER to each tastant was manually observed and recorded. Flies that did not respond to any taste stimuli were tested with 500 mM sucrose at the end of the assay. For experiments using only wild-type starved flies, which should always respond to high concentrations of sugar unless they are extremely unhealthy, flies that failed to respond to 500 mM sucrose were excluded from analysis. For experiments comparing fed and starved flies or starved controls and mutants, flies were only excluded from analysis if they appeared very sick.

For statistical analyses of PER, each group of 15--20 flies was considered to be a single data point ('n'). A minimum of three groups per genotype or condition were tested for each PER experiment. Because PER can vary substantially from day to day (possibly due to changes in ambient temperature or humidity), control and experimental flies for a given experiment were always tested on the same days, and all experiments were repeated over multiple days.

To test directional PER, we contacted the left or right forelegs with acetic acid, alternating between sides every 1--2 trials. Flies were filmed and the videos were analyzed later. We only analyzed trials in which flies showed full PER to the stimulus. Flies often showed repeated extension to a single stimulation; at least one proboscis extension toward the left or right side was considered to be a lateralized response.

To test the role of olfaction, the third antennal segments and maxillary palps were removed with forceps while flies were anesthetized on ice. Surgery was performed prior to starvation, and after surgery flies were given \~30 min to recover in food vials before starvation. Control flies were anesthetized for the same duration as antennectomized flies.

Calcium imaging {#s4-3}
---------------

Flies for calcium imaging were taped on their backs to a piece of clear tape in an imaging chamber (see [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). Fine strands of tape were used to restrain the legs, secure the head, and immobilize the proboscis in an extended position for tastant stimulation. A small hole was cut into the tape to expose the anterior surface of the fly's head. A square hole along the anterior surface of the head was then cut through the cuticle, including removal of the antennae, to expose the anterior ventral aspect of the brain that encompasses the SEZ. The esophagus was cut in order to visualize the SEZ clearly. The dissection and imaging were performed in modified artificial hemolymph in which 15 mM ribose is substituted for sucrose and trehalose ([@bib49]; [@bib33]).

Calcium imaging experiments were performed using a two-photon laser scanning microscope (Ultima, Bruker) equipped with an ultra-fast Ti:S laser (Chameleon Vision, Coherent) that is modulated by pockel cells (Conoptics). Emitted photons were collected with a GaAsP photodiode detector (Hamamatsu) through a 60X water-immersion objective (Olympus). A single plane through the brightest area of axonal projections was chosen for imaging. Images were acquired at 925 nm at a resolution of 256 by 256 pixels and a scanning rate of 3--4 Hz.

Tastants were delivered to the labellum via a custom-built solenoid pinch valve system controlled by MATLAB software. Pinch valves were opened briefly (\~10 ms) to create a small liquid drop at the end of a 5 µL glass capillary, positioned such that the drop would make contact with the labellum. Tastants were removed after a fixed duration by a vacuum line controlled by a solenoid pinch valve. Proper taste delivery was monitored using a side-mounted camera (Veho VMS-004), which allowed for visualization of the fly and tastant capillary using the light from the imaging laser. At least three trials of each stimulus were given, with at least one minute rest between trials to avoid habituation.

Calcium imaging data were analyzed using custom MATLAB code based largely on the code used in [@bib23]. Images were registered within and across trials to correct for movement in the x-y plane using a sub-pixel registration algorithm ([@bib22]). Regions of interest (ROIs) were drawn manually around the area of axonal projections. Average pixel intensity within the ROI was calculated for each frame. The average signal for 20 frames preceding stimulus delivery was used as the baseline signal (F~0~), and the ∆F/F~0~ values for each frame were then calculated. The peak stimulus response was quantified as the average of the ∆F/F~0~ values for the two highest consecutive frames during tastant presentation. No trials were excluded from analysis unless the tastant drop failed to make proper contact with the labellum. For fly by fly analyses, we defined a fly as responding to a tastant if the average peak response across at least three trials was higher than the average peak response to water by a magnitude of at least 15%. We also considered thresholds of 10% or 20% but found that 15% appeared to be a reasonable (and likely conservative) threshold for defining a fly's response.

Statistical analyses {#s4-4}
--------------------

Statistical analyses were performed using GraphPad Prism, Version 4. The most relevant statistical results are reported in the figures and legends, and all statistical results are reported in [Supplementary file 1](#supp1){ref-type="supplementary-material"}. All graphs represent mean ± SEM. For *Gal4/UAS* experiments, statistical significance was attributed only to data points for which experimental flies that differed from both the *Gal4/+* and *UAS/+* controls in the same direction. Sample sizes are listed in the figure legends. No explicit power analyses were used to determine sample sizes prior to experimentation. Minimum sample sizes were decided prior to experimentation based on previous experience knowing how many samples are usually sufficient to detect reasonable effect sizes. Additional samples were added if the initial results were inconclusive or more variable than expected, but never with the intent to make a non-significant p-value significant or vice versa. For experiments in which the same genotype was tested under different conditions (e.g. fed vs. starved), flies from the same vials were randomly allocated into each experimental group. In general, the experimenter was not explicitly blinded to the group or genotype.
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Thank you for submitting your work entitled \"Acetic acid activates distinct taste pathways in *Drosophila* to elicit opposing, state-dependent feeding responses\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a Reviewing Editor and a Senior Editor.

Our decision has been reached after consultation between the reviewers. Based on these discussions and the individual reviews below, we regret to inform you that your work will not be considered further for publication in *eLife*. All three reviewers found the work of high significance but felt that additional experiments would be required to support the claims.

The three main lines of essential experiments discussed by reviewers were:

1\) To examine candidate receptors by testing the role of IR25a and IR76b in PER response to acetic acid (and perform calcium imaging and rescue experiments if they are required for acid responses);

2\) To resolve calcium imaging discrepancies; and

3\) To standardize sucrose concentrations used in behavioral studies.

We refer you to the full reviews for more detailed information.

If you feel you can fully address these concerns, we would be open to receiving a new manuscript on the topic and would make every effort to return this to the same reviewers.

*Reviewer \#1:*

Devineni and colleagues report surprising dual roles of acetic acid in both appetitive and repulsive feeding behavior in *Drosophila*. Acids are generally not thought to have caloric value, yet many are part of natural food sources. Acetic acid, for example, is a by-product of many natural foods of the fly, due to fermentation of sugars by yeast and other microorganisms, yet for most animals, acids are thought to be repellants, and are generally avoided. Thus, their role has remained more enigmatic than that of most other chemicals that are sensed through the taste system.

The authors show that starved flies show concentration-dependent attraction to acetic acid (as well as propionic acid). In contrast and similar to bitter compounds, acetic acid has a repulsive effect on the attraction of sugars in well fed flies. These responses are independent of the presence or absence of olfactory organs, arguing clearly for gustatory driven responses. The attractive response is mediated by sugar sensing neurons, independent of the fatty acid response pathway that is also known to be mediated by these neurons, while the repulsive response is mediated by bitter sensing neurons. Lastly, using Ca^2+^ imaging of the neuron projections in the SEZ, the authors also show that sweet and bitter neurons are activated by acetic acid.

The paper reports a finding of general interest, namely a dual role of a fruit compound that modulates taste responses dependent on the internal state of the fly. There are, however, a number of issues that need to be addressed before the paper is suitable for publication. That includes a straightforward examination of the whether the sweet and bitter neurons responses are mediated by known sour taste receptors.

First, IRs were recently reported to mediate oviposition preference for acid containing food in females (Chen and Amrein, 2017;). First, the authors should cite this paper, as well as an earlier paper, describing a role of acids in alleviating the inhibitory effect of bitter compounds on sugars (Chen and Amrein, 2014). While oviposition is mediated by specific sour taste neurons in the tarsi, the molecular receptors (IR25a and IR76b) are broadly expressed and also found in sweet and bitter neurons of tarsi and labellum. Thus, it is straightforward to test their involvement in the reported appetitive and repulsive properties of acetic acid, which could provide a molecular receptor for the observed phenomenon and therefore would enhance the relevance of the paper.

Second, the Ca^2+^ data using acetic acids are not very consistent with PER analysis, on numerous accounts in both sugar and bitter neurons.

i\) There is no dose-dependence, at least for the shown concentration of 1 and 5% in both sweet and bitter neurons (Figure 5H) even though there seems a clear increase in PER (Figure 1).

ii\) Generally, the Ca^2+^ responses to acetic acid are extremely weak (compared to bitter compounds) and the authors suggest that this is due to the possibility that only a small subset of bitter neurons are involved in sensing acetic acid. Interestingly, Gr22f expressing neurons show the most robust response (Figure 5---figure supplement 3), a gene expressed in only a small subset of bitter neurons, while none of the other subsets tested showed any significant responses. Thus, the authors should test whether these neurons mediate acetic acid suppression in fed flies using neural inactivation experiments as done with Gr66a (Figure 4). But they should also consider a more complex mechanism for how acids contribute to the observed behavioral phenomenon, see next point.

Third, the model presented should consider the fact that sour taste-specific neurons not responding to sugars or bitter compounds have been identified in tarsal sensilla (Chen and Amrein, 2017). Whether or not such neurons exist in the labellum remains to be seen. Note that many labellar neurons have not yet been characterized functionally and their contribution could be tested using IR76b (or IR25a)-Gal4 tools, as the respective receptors have been implicated in sour taste (see above).

*Reviewer \#2:*

Devineni et al. describe a hunger state-dependent response to acetic acid that is mediated both by bitter and sweet-sensing gustatory neurons. The authors show that acetic acid stimulates the proboscis extension response in hungry but not sated flies. This response is not pH dependent and it is not mediated by protons or acetate concentration in the solution. They continue to demonstrate that acetic acid response depends upon sweet neurons, though not the sugar receptors themselves, and inhibition (specific to the fed state) depends upon bitter neurons. Finally, the authors show acetic acid induces a calcium response at the axon terminals of sweet, and a subset of bitter neurons. The manuscript is an intriguing examination of a system that could provide insights into a state-dependent neuromodulation in the taste system. The weakest point of the manuscript is it does not clearly show that acetic acid is appetitive when flies are hungry. Authors only show PER as an indication of appetitive responses and they don\'t show any ingestive behavior that is induced by acetic acid. Please find my major points below.

1\) In Figure 1C and 1D legend, authors say \"Acetic acid was mixed with 50 mM sucrose for starved flies and with 300 mM sucrose for fed flies to induce sufficient PER to observe potential suppression.\" I am not sure why they chose to use 300mM sucrose in fed flies because this concentration is not tested before in the paper, or the data is not shown in Figure 1B. In addition, according to Figure 1C fed flies show 60% PER to 300mM sucrose+ 0% acetic acid and hungry flies show 100% PER to 50mM sucrose and 0% acetic acid. The starting point PER response is not the same in fed and starved flies before authors start testing acetic acid suppression on PER behavior. I think in order to compare the acetic acid suppression of PER in fed and starved flies, authors need to lower the sucrose concentration tested in starved flies to less than 10mM to equalize the PER response to sucrose in fed and starved flies before acetic acid addition. The normalization done in Figure 1D is also misleading.

2\) In Figure 1E and F, authors show that flies extend their proboscis in the direction of an acetic acid stimulus. They interpret this as evidence for an appetitive response. I wonder if authors tested whether PER response to acetic acid can also trigger ingestive responses; allowing them to ingest the acetic acid solution after PER test. This will directly show that flies are extending their proboscis to acetic acid solution to feed. In addition, if acetic acid is inducing an appetitive response, then it should also enhance low concentration sugar responses which can be tested by adding acetic acid to 5mM sucrose and testing hungry flies with PER. Authors test acetic acid alone in one behavior test and make a conclusion that it is appetitive in the manuscript.

3\) In Figure 3, the authors try to identify the neurons that are required for acetic acid PER. They show that silencing neurons labeled by Gr64f-Gal4 abolishes the PER mediated by sucrose and acetic acid. They also test a mutant that lack sugar sensitive GRs. These mutants show reduced responses to sucrose and enhanced responses to acetic acid. I am confused about sugar mutant results. If these mutants lack all the sugar receptors, why do they still respond to sucrose in Figure 3C? In addition, the results in Figure 3D are very confusing. Authors suggest the acetic acid responses in sugar mutants are enhanced due to either increased starvation in mutants or a mechanism that suppresses acetic acid respond in wild-type flies. Unfortunately, neither of these claims are supported by the Ca+ imaging of acetic acid response in Gr mutants shown in Figure 5---figure supplement 2.

4\) In Figure 3E, authors test NorpA RNAi knockdown flies in acetic acid-induced PER. NorpA has been indicated to mediate fatty acid responses. However, recently It has been shown that fatty acids are detected by IR25a and Ir76b. (Ahn, Chen and Amrein, 2017. Is acetic acid taste mediated by the same IRs?

5\) To explain the results in Figure 4, the authors mention in the text \"These results demonstrate that even in the starved state, bitter neurons suppress PER to acetic acid. The observation that bitter neuron silencing has a stronger effect on acetic acid-induced PER in fed flies (Figure 4B) than in starved flies (Figure 4C) suggests that hunger inhibits the bitter pathway\". I think this interpretation of the results is very weak and it is not supported by the Ca+ imaging data.

6\) In Figure 5, the authors conduct Ca+ imaging experiments from sugar-sensing and bitter-sensing neurons and show that acetic acid activates both sugar sensing and bitter sensing neurons. According to single sensilla recordings published previously as authors mention in the Discussion, acetic acid inhibits sugar evoked spikes in sugar-sensing neurons and induces spikes in bitter sensing neurons. I think this contradiction between electrophysiology and Ca+ imaging is troublesome and needs to be clarified. One of the main differences between these two experiments is the electrophysiology experiments use a mixture of 100mM sucrose and varying concentrations of acetic acid and Ca+ imaging experiments in this paper are done using acetic acid alone. I think to compare these results; authors need to test Ca+ responses of sugar-sensing neurons to 100mM sucrose+ 10% acetic acid mixture in fed and starved flies.

*Reviewer \#3:*

In this study of state-dependent feeding behavior in *Drosophila*, Devineni and colleagues investigate the adaptive behavioral response to acetic acid, a component of natural fly foods. Acetic acid is a source of energy at low concentrations, but toxic to *Drosophila* at high concentrations. Therefore, how valence of acetic acid is regulated by the satiety state of a fly is an exciting question of high significance in neurobiology. The authors discovered that proboscis extension response (PER) is determined by satiety state: acetic acid induces robust PER in starved flies but suppresses PER in fed flies. Imaging experiments show that acetic acid can activate both sugar- and bitter-sensing neurons in the periphery. Further genetic experiments show that acetic acid suppresses PER by activating bitter-sensing neurons and promotes PER by activating sugar-sensing neurons. The findings of this study are certainly of interest to the general readers of *eLife*. However, my enthusiasm is dampened by some concerns regarding mechanistic explanations and others of technical nature.

1\) Mechanistic explanations:

The main conclusion of the study is that \"Hunger shifts the behavioral response from an aversion to attraction by enhancing the appetitive sugar pathway as well as suppressing the aversive bitter pathway\". First, neither the hunger signal nor the neuromodulatory mechanism has been identified. The notion that hunger increases the sensitivity of the sugar pathway and decreases the sensitivity of the aversive pathway is not supported by imaging results. Second, the current experiments cannot exclude the possibility that a third population of Gr66a- and Gr64f-negative neurons mediate the adaptive response to acetic acid. Identifying the receptor for acetic acid may help pinpoint the site of hunger modulation. Alternatively, it would be informative to know whether flies with both Gr66a and Gr64f neurons silenced exhibit any PER to acetic acid in fed or starved state.

2\) Technical concerns:

There is some concern about the sensitivity of the imaging technique. In several occasions, it failed to detect behaviorally relevant tastants. For example, results presented in Figure 5D indicate that sucrose at 25 mM did not induce a statistically significant response in sugar-sensing neurons. But this concentration of sucrose is capable of inducing PER responses (Figure 5---figure supplement 5) in both fed and starved flies. In another example, Figure 5---figure supplement 2 showed that acetic acid at either 1% or 5% did not evoke a significant response in sugar-sensing neurons. But 5% acetic acid can evoke robust PER in starved flies (Figure 1A). Furthermore, based on a lack of response, it is not possible to draw the conclusion that sugar receptor mutations do not affect the acetic acid response. In addition, the response of bitter cells is problematic, as it is not significantly different from control in two of four conditions in Gr66a cells, and different only in one condition for various Gr subsets. This insensitive imaging technique may explain why the findings are inconsistent with those reported in previous publications (Inagaki et al., 2012; Marella et al., 2012; LeDue et al., 2016) that show hunger modulates gustatory responses of sugar- and bitter-sensing neurons at their axonal terminals. This reviewer notes that Inagaki et al., 2012, used the integration of ∆F/F over time to compare the responses of fed and starved flies, whereas the current study compared the peak ∆F/F. Additional analyses, concentrations, or number of animals (n=4 is low) may help resolve the inconsistencies in calcium imaging.

\[Editors' note: what now follows is the decision letter after the authors submitted for further consideration.\]

Thank you for resubmitting your work entitled \"Acetic acid activates distinct taste pathways in *Drosophila* to elicit opposing, state-dependent feeding responses\" for further consideration at *eLife*. Your revised article has been favorably evaluated by K VijayRaghavan as the Senior Editor, Kristin Scott as the Reviewing Editor, and two reviewers.

The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:

1\) Relevant statistics need to be included in all graphs, with stars denoting differences between different genotypes.

2\) Figure 4---figure supplement 2A and B shows significant decreased responses to acetic acid in Ir25a mutants. This is consistent with a role for Ir25a in acetic acid detection. Discussion should be modified to reflect the data.

10.7554/eLife.47677.032

Author response

\[Editors' note: the author responses to the first round of peer review follow.\]

> Our decision has been reached after consultation between the reviewers. Based on these discussions and the individual reviews below, we regret to inform you that your work will not be considered further for publication in eLife. All three reviewers found the work of high significance but felt that additional experiments would be required to support the claims.
>
> The three main lines of essential experiments discussed by reviewers were:
>
> 1\) To examine candidate receptors by testing the role of IR25a and IR76b in PER response to acetic acid (and perform calcium imaging and rescue experiments if they are required for acid responses);
>
> 2\) To resolve calcium imaging discrepancies; and
>
> 3\) To standardize sucrose concentrations used in behavioral studies.

We thank the reviewing editor and the three reviewers for their thorough review of the manuscript. In our revised paper we have performed new experiments and analyses to address each of these three major points, and we believe that the manuscript is significantly improved as a result:

1\) We have examined the roles of *IR25a* and *IR76b* in behavioral responses to acetic acid by testing flies carrying mutations in these genes. *IR25a* and *IR76b* mutants showed both appetitive and aversive responses to acetic acid (Figure 4---figure supplement 2), indicating that IR25a and IR76b are not required for these behaviors.

2\) The reviewers raised various issues regarding calcium imaging and we address them in detail below. We agree that our initial imaging results included some puzzling observations such as a lack of dose-dependence in the acetic acid response and the fact that the neuronal and behavioral responses do not always correlate. We have performed additional experiments and analyses to address some of these issues and we have proposed possible explanations for results that remain puzzling. We have also added existing data from a second dataset where we imaged sugar and bitter neuron responses to acetic acid, effectively doubling our sample sizes. The average response values are quite similar to those in the original manuscript but the results of some statistical comparisons have changed, so we have adjusted our discussion of these experiments accordingly (see Figure 5 and the response to reviewer 3 below). Our overall conclusions from these imaging experiments are unchanged: 1) acetic acid activates both sugar- and bitter-sensing neurons, and 2) while hunger modulation of sensory neurons may contribute to the behavioral switch in the acetic acid response, the modulation of downstream neurons is also likely to play a role.

3\) Reviewer 1 asked that we test fed and starved flies with acetic acid added to the same concentration of sucrose, whereas reviewer 2 asked that we test starved flies with acetic acid added to a lower concentration of sucrose. We have performed both of these experiments using multiple sucrose concentrations (Figure 1C-D and Figure 1---figure supplement 1).

> Reviewer \#1:
>
> \[...\] The paper reports a finding of general interest, namely a dual role of a fruit compound that modulates taste responses dependent on the internal state of the fly. There are, however, a number of issues that need to be addressed before the paper is suitable for publication. That includes a straightforward examination of the whether the sweet and bitter neurons responses are mediated by known sour taste receptors.
>
> First, IRs were recently reported to mediate oviposition preference for acid containing food in females (Chen and Amrein, 2017;). First, the authors should cite this paper, as well as an earlier paper, describing a role of acids in alleviating the inhibitory effect of bitter compounds on sugars (Chen and Amrein, 2014).

We apologize for neglecting to cite these very interesting papers. We felt that they were only moderately relevant because they address general effects of acids/pH, whereas the behavioral responses to acetic acid in our paper are not a general pH effect (Figure 1---figure supplement 3A); additionally, Chen and Amrein, 2014, used very low acid concentrations outside the range that we test. However, we agree that citing these studies would provide more context, and these citations are now included in the revised manuscript (Introduction, third paragraph).

> While oviposition is mediated by specific sour taste neurons in the tarsi, the molecular receptors (IR25a and IR76b) are broadly expressed and also found in sweet and bitter neurons of tarsi and labellum. Thus, it is straightforward to test their involvement in the reported appetitive and repulsive properties of acetic acid, which could provide a molecular receptor for the observed phenomenon and therefore would enhance the relevance of the paper.

We thank the reviewer for this suggestion. The Amrein lab generously provided the control strain and *IR25a* and *IR76b* mutant lines used in Chen and Amrein, 2017, to show that these IRs are required for tarsal sour sensing. We found that starved *IR25a* or *IR76b* mutant flies showed robust PER to acetic acid (Figure 4---figure supplement 2A and 2D), indicating that the appetitive response in starved flies is intact. Fed *IR25a* or *IR76b* mutant flies showed low levels of PER to acetic acid that were near baseline (Figure 4---figure supplement 2B and E), indicating an intact aversive response in fed flies. Although some *IR* mutant lines showed small differences from control flies at certain concentrations (see Results and Figure 4---figure supplement 2), the fact that all lines showed appetitive and aversive responses to acetic acid indicate that IR25a and IR76b are not required for these behaviors.

> Second, the Ca^2+^ data using acetic acids are not very consistent with PER analysis, on numerous accounts in both sugar and bitter neurons.
>
> i\) There is no dose-dependence, at least for the shown concentration of 1 and 5% in both sweet and bitter neurons (Figure 5H) even though there seems a clear increase in PER (Figure 1).

We appreciate and agree with the reviewer's observation that the GCaMP responses to 1% and 5% acetic acid show little to no dose-dependence. To address this issue, we imaged sugar and bitter neuron responses to a broader range of acetic acid concentrations. We have included the results of these experiments in a new figure (Figure 5---figure supplement 3) and added the following discussion to the text (Results):

"In both sugar- and bitter-sensing neurons, the average response magnitudes to 5% acetic acid were similar or slightly lower than the response to 1% (Figure 5). \[...\] For example, secondary effects on neuronal activity could be induced by low pH or by undissociated acetic acid molecules, which may cross the cell membrane and directly affect intracellular pathways (DeSimone et al., 2001; Liman et al., 2014)."

As the reviewer mentions, it is puzzling that the dose dependence of acetic acid responses in sugar neurons does not parallel the dose dependence of acetic acid-evoked PER, which increases from 1% to 5%. This discrepancy could be explained if the bitter neurons, which inhibit acetic acid-evoked PER, showed an opposing dose dependence (with decreasing responses at increasing concentrations), but they do not. We have proposed some possible explanations in the Discussion:

"One possibility is that a subset of sugar neurons are activated dose-dependently and contributes most strongly to PER, and we may not observe this dose dependence when imaging activity across all sugar neurons. Alternatively, despite our finding that sugar neuron activity is required for PER to acetic acid, additional sensory neurons may contribute to this behavior and detect acetic acid in a dose-dependent manner."

In addition, we note that the conditions of imaging and behavioral experiments are quite different, so flies may show different patterns of sensory activity in these two assays because they are in different states. For example, during imaging but not the PER assay, flies are head-fixed with the brain exposed, the antennae are removed, the proboscis is immobilized in an extended position, and the esophagus has been cut. Flies are allowed to consume water between trials during behavior but not imaging. We have attempted to quantify PER during calcium imaging in order to better correlate neural and behavioral responses, but this approach has not been fruitful for technical reasons.

Overall, we have now explicitly addressed the issue of dose-dependence in the Results and Discussion of the revised manuscript. We believe that the lack of canonical dose-dependence in acetic acid responses should not be considered a weakness of the paper; it is simply a feature of the data.

Moreover, it does not undermine our main conclusion from these experiments: acetic acid clearly activates both sugar and bitter neurons.

> ii\) Generally, the Ca^2+^ responses to acetic acid are extremely weak (compared to bitter compounds) and the authors suggest that this is due to the possibility that only a small subset of bitter neurons are involved in sensing acetic acid.

We do not entirely agree that the GCaMP responses to acetic acid are "extremely weak". The average acetic acid responses for the experiments shown in Figure 5 were 92-166% ∆F/F~0~ for sugar neurons and 46-87% ∆F/F~0~ for bitter neurons. Moreover, acetic acid activated sugar neurons in 27 of 28 flies and bitter neurons in 31 of 36 flies, so even if the responses are considered "weak" they are present in the vast majority of flies, suggesting that they are biologically relevant. It is true that bitter neurons are more strongly activated by bitter compounds at the concentrations tested, but that does not mean that the levels of activation induced by acetic acid are irrelevant. Certainly weak levels of sensory activation could be translated into strong levels of behavior by the downstream circuit.

> Interestingly, Gr22f expressing neurons show the most robust response (Figure 5---figure supplement 3), a gene expressed in only a small subset of bitter neurons, while none of the other subsets tested showed any significant responses. Thus, the authors should test whether these neurons mediate acetic acid suppression in fed flies using neural inactivation experiments as done with Gr66a (Figure 4). But they should also consider a more complex mechanism for how acids contribute to the observed behavioral phenomenon, see next point.

We thank the reviewer for this suggestion. We tested acetic acid-evoked PER in flies carrying *Gr22fGal4* and *UAS-Kir2.1* to silence *Gr22f*-expressing neurons. Their PER to acetic acid did not differ from controls (*Gr22f-Gal4/+* and *UAS-Kir2.1/+*) in either fed or two-day starved flies (data not shown). Thus bitter neurons of other classes likely contribute to the suppression of acetic acid-evoked PER even if we did not detect statistically significant GCaMP responses to acetic acid.

It is possible that other classes of bitter neurons respond weakly to acetic acid at levels that were not detectable in our experiments. In addition, in these experiments most bitter neurons showed responses to water, which could be due to minute contamination (bitter neurons are extremely sensitive), and we are only counting "significant" acetic acid responses as those that were higher than the water response. Responses that were not higher than the water response may still be biologically relevant. Moreover, we are quantifying each response as the peak ∆F/F~0~. There are certain conditions where the GCaMP traces clearly look different for water and acetic acid, but the peak response did not significantly differ (e.g. *Gr98d*-expressing cells at 1% acetic acid or *Gr22f-*expressing cells at 5% acetic acid). We have edited the figure legend and text (Results, subsection "Acetic acid activates sugar- and bitter-sensing neurons") to clarify that our results do not rule out the possibility that these other classes of bitter neurons may also respond to acetic acid.

> Third, the model presented should consider the fact that sour taste-specific neurons not responding to sugars or bitter compounds have been identified in tarsal sensilla (Chen and Amrein, 2017). Whether or not such neurons exist in the labellum remains to be seen. Note that many labellar neurons have not yet been characterized functionally and their contribution could be tested using IR76b (or IR25a)-Gal4 tools, as the respective receptors have been implicated in sour taste (see above).

We appreciate this suggestion. Having observed that IR25a and IR76b are not required for appetitive or aversive responses to acetic acid (see above), we have not further pursued the possibility that IR expressing neurons outside of the sugar- and bitter-sensing classes could be involved. However, we have now described this possibility in the Discussion (subsection "Activation of sugar and bitter neurons by acetic acid", fourth paragraph).

> Reviewer \#2:
>
> \[...\] The weakest point of the manuscript is it does not clearly show that acetic acid is appetitive when flies are hungry. Authors only show PER as an indication of appetitive responses and they don\'t show any ingestive behavior that is induced by acetic acid. Please find my major points below.

We thank the reviewer for this assessment. However, the reviewer's biggest concern that we "don't show any ingestive behavior that is induced by acetic acid" is not accurate, since we showed that the majority of starved flies displaying PER to 5% acetic acid were willing to consume it (Results subsection "Acetic acid can elicit an appetitive or aversive taste response", fourth paragraph; Video 2). In the example video, the fly can be seen ingesting acetic acid continuously for \~7 seconds.

> 1\) In Figure 1C and 1D legend, authors say \"Acetic acid was mixed with 50 mM sucrose for starved flies and with 300 mM sucrose for fed flies to induce sufficient PER to observe potential suppression.\" I am not sure why they chose to use 300mM sucrose in fed flies because this concentration is not tested before in the paper, or the data is not shown in Figure 1B.

The reason is as we stated. When we initially conducted these experiments we tried to test fed flies with acetic acid mixed into 50 mM or 100 mM sucrose, but these concentrations of sucrose evoked low levels of PER at which suppression would not be obvious. We therefore increased the concentration to 300 mM. One may note that in Figure 1B fed flies do show a reasonable level of PER to 50 mM sucrose (64%), which is why we initially thought this concentration would be sufficient. But PER can be variable across experiments, especially in fed flies, and especially given that these experiments were conducted over several years by different experimenters. (This variability is why all results shown in the same graph were always obtained from flies tested by the same experimenter on the same days.)

To address the reviewer's concerns, we repeated these experiments and tested both fed and starved flies with acetic acid added to either 50 mM or 300 mM sucrose (Figure 1C-D). In fed flies acetic acid suppressed PER at both sucrose concentrations, but again the level of PER to 50 mM sucrose alone was so low (35%) that the PER suppression is not as clear as with 300 mM sucrose.

> In addition, according to Figure 1C fed flies show 60% PER to 300mM sucrose+ 0% acetic acid and hungry flies show 100% PER to 50mM sucrose and 0% acetic acid. The starting point PER response is not the same in fed and starved flies before authors start testing acetic acid suppression on PER behavior. I think in order to compare the acetic acid suppression of PER in fed and starved flies, authors need to lower the sucrose concentration tested in starved flies to less than 10mM to equalize the PER response to sucrose in fed and starved flies before acetic acid addition.

At the reviewer's suggestion, we tested two-day starved flies with acetic acid added to 5 mM or 10 mM sucrose (Figure 1---figure supplement 1). These flies showed a similar or lower level of PER to sucrose alone (29% at 5 mM, 55% at 10 mM) than fed flies tested with 50 or 300 mM sucrose (35% at 50 mM, 79% at 300 mM). Acetic acid still failed to suppress sucrose-evoked PER in starved flies; in fact, PER was enhanced. Thus acetic acid does not suppress PER in two-day starved flies regardless of the sucrose concentration.

> The normalization done in Figure 1D is also misleading.

We have removed the graph to avoid any confusion. However, we do not agree that the original Figure 1D was misleading since the graph title clearly stated "normalized", which means mathematically adjusting the baseline values of different groups to be equal as we had done.

> 2\) In Figure 1E and F, authors show that flies extend their proboscis in the direction of an acetic acid stimulus. They interpret this as evidence for an appetitive response. I wonder if authors tested whether PER response to acetic acid can also trigger ingestive responses; allowing them to ingest the acetic acid solution after PER test. This will directly show that flies are extending their proboscis to acetic acid solution to feed.

Yes, we tested whether flies ingest acetic acid following PER (Results subsection "Acetic acid can elicit an appetitive or aversive taste response", fourth paragraph 5; Video 2). The majority of two-starved flies showing PER to 5% acetic acid voluntarily ingested it, indicating that PER to acetic acid represents a component of feeding behavior.

> In addition, if acetic acid is inducing an appetitive response, then it should also enhance low concentration sugar responses which can be tested by adding acetic acid to 5mM sucrose and testing hungry flies with PER.

As described above, we tested starved flies with acetic acid added to 5 mM or 10 mM sucrose (Figure 1---figure supplement 1). Acetic acid enhanced sucrose-evoked PER at both sucrose concentrations.

> Authors test acetic acid alone in one behavior test and make a conclusion that it is appetitive in the manuscript.

We focus on the PER assay, but we have presented three additional lines of evidence indicating an appetitive response:

1\) Flies usually extend their proboscis in the direction toward acetic acid, as is typical of appetitive but not aversive or neutral tastants (Figure 1F; Video 1).

2\) Flies voluntarily ingest acetic acid following PER (Video 2).

3\) Acetic acid enhances PER evoked by low sucrose concentrations (Figure 1---figure supplement 1).

> 3\) In Figure 3, the authors try to identify the neurons that are required for acetic acid PER. They show that silencing neurons labeled by Gr64f-Gal4 abolishes the PER mediated by sucrose and acetic acid. They also test a mutant that lack sugar sensitive GRs. These mutants show reduced responses to sucrose and enhanced responses to acetic acid. I am confused about sugar mutant results. If these mutants lack all the sugar receptors, why do they still respond to sucrose in Figure 3C?

We appreciate this observation and have now mentioned it in the Results (subsection "Sugar-sensing neurons mediate PER to acetic acid", second paragraph). The octuple sugar receptor mutants (*∆8Grs*) respond to sucrose at much lower levels than control flies, suggesting that the 8 receptors affected are the primary receptors that detect sucrose, but additional uncharacterized receptors might contribute to sucrose detection. For example, Gr43a is an internal fructose sensor that was not deleted in the *∆8Grs* line (Yavuz et al., 2015). In the labellum, *Gr43a* expression is very weak and does not overlap with sugar-sensing neurons (Miyamoto et al., 2012), which has led to the notion that it does not contribute to labellar sugar detection (Yavuz et al., 2015), but it is possible that it plays a small role when all other sugar receptors are deleted.

> In addition, the results in Figure 3D are very confusing. Authors suggest the acetic acid responses in sugar mutants are enhanced due to either increased starvation in mutants or a mechanism that suppresses acetic acid respond in wild-type flies. Unfortunately, neither of these claims are supported by the Ca+ imaging of acetic acid response in Gr mutants shown in Figure 5---figure supplement 2.

There appears to be a misunderstanding here. To be clear, what we have shown is that acetic acid elicits stronger PER in the mutants than in controls but activates the sugar neurons to similar levels in fed flies. These results are not inconsistent; they simply suggest that the enhanced PER is not due to an enhanced response of sensory neurons and therefore arises downstream in the circuit. This is compatible with multiple models that we have proposed.

We cannot conclusively say that the enhanced PER in the mutants is independent of sensory neuron changes because we used fed flies for imaging, whereas PER was tested in starved flies, but these results do rule out certain models. We have edited the text (Results) to clarify our conclusions and describe the models that are most consistent with the data:

"Acetic acid elicits stronger PER in these mutants than in controls but activates the sugar neurons to similar levels in fed flies. \[...\] Instead, the diminished response of sensory neurons to sugar as well as intensified hunger may lead to upregulation of the downstream sugar circuit and result in enhanced PER without changes in sensory neuron activation."

To expand on the models proposed above: One possibility is that reduced activity of sugar-sensing neurons in the mutants leads to compensatory upregulation of downstream neurons in the circuit. Thus in the mutants acetic acid may activate sugar-sensing neurons at the same level as controls but downstream neurons would respond more strongly, resulting in enhanced PER. A second possibility is that themutants consume less food because they cannot taste sugar, so their hunger is intensified. Increased hunger should enhance PER to acetic acid, which could occur by upregulating either sensory or motor pathways downstream of sugar-sensing neurons.

> 4\) In Figure 3E, authors test NorpA RNAi knockdown flies in acetic acid-induced PER. NorpA has been indicated to mediate fatty acid responses. However, recently It has been shown that fatty acids are detected by IR25a and Ir76b. (Ahn, Chen and Amrein, 2017. Is acetic acid taste mediated by the same IRs?

We have now tested the same *IR25a* and *IR76b* mutant lines that were used in Ahn et al., 2017. We found that starved *IR25a* or *IR76b* mutant flies showed robust PER to acetic acid (Figure 4---figure supplement 2A and 2D), indicating that the appetitive response in starved flies is intact. Fed *IR25a* or *IR76b* mutant flies showed low levels of PER to acetic acid that were near baseline (Figure 4---figure supplement 2B and E), indicating an intact aversive response in fed flies. Although some *IR* mutant lines showed small differences from control flies at certain concentrations (see Results and Figure 4---figure supplement 2), the fact that all lines showed appetitive and aversive responses to acetic acid indicate that IR25a and IR76b are not required for these behaviors.

> 5\) To explain the results in Figure 4, the authors mention in the text \"These results demonstrate that even in the starved state, bitter neurons suppress PER to acetic acid. The observation that bitter neuron silencing has a stronger effect on acetic acid-induced PER in fed flies (Figure 4B) than in starved flies (Figure 4C) suggests that hunger inhibits the bitter pathway\". I think this interpretation of the results is very weak and it is not supported by the Ca+ imaging data.

In Figure 4 we test whether bitter neurons normally suppress acetic acid-evoked PER in the fed or starved states by silencing these neurons. We show that bitter neuron silencing dramatically increases acetic acid-evoked PER in fed flies from \~20% to \~60-80% (a 3- to 4-fold change), whereas PER in starved flies is more modestly increased from \~70-80% to \~95% (a 1.2 to 1.4-fold change). The much stronger effect in fed flies suggests that although bitter neurons suppress PER in both the fed and starved states, they exert stronger suppression in fed flies and weaker suppression in starved flies. Thus hunger must inhibit the suppressive effect of the bitter circuit on PER. Inagaki et al., 2014, arrived at the same conclusion based on the observation that bitter compounds are less effective at suppressing sucrose-evoked PER in starved flies.

There appears to be a misunderstanding regarding the interpretation of the imaging data. The reviewer seems to interpret our conclusion that "hunger inhibits the bitter pathway" as meaning that hunger suppresses the responses of bitter sensory neurons. On the contrary, we propose that hunger could suppress neuronal responses anywhere in the bitter-sensing circuit, either at or downstream of bitter sensory neurons. The fact that the responses of bitter-sensing neurons are not inhibited by hunger (Figure 5) indicates that hunger acts downstream of sensory neurons to suppress the bitter pathway. We have edited the text (Results subsection "Bitter-sensing neurons suppress PER to acetic acid", last paragraph) to make this point more clear.

> 6\) In Figure 5, the authors conduct Ca+ imaging experiments from sugar-sensing and bitter-sensing neurons and show that acetic acid activates both sugar sensing and bitter sensing neurons. According to single sensilla recordings published previously as authors mention in the Discussion, acetic acid inhibits sugar evoked spikes in sugar-sensing neurons and induces spikes in bitter sensing neurons. I think this contradiction between electrophysiology and Ca+ imaging is troublesome and needs to be clarified. One of the main differences between these two experiments is the electrophysiology experiments use a mixture of 100mM sucrose and varying concentrations of acetic acid and Ca+ imaging experiments in this paper are done using acetic acid alone. I think to compare these results; authors need to test Ca+ responses of sugar-sensing neurons to 100mM sucrose+ 10% acetic acid mixture in fed and starved flies.

The reviewer is correct that Charlu et al., 2013, tested mixtures of acetic acid and sucrose, but the study also tested whether sugar and bitter neurons are activated by acetic acid alone -- these are the results to which we are directly comparing our data. Charlu et al. reported that acetic acid alone activated bitter neurons (Figure 2C-F), but not sugar neurons (Figure 5A), and a recent paper by Rimal et al., 2019, reported similar results. By contrast, our imaging data show that acetic acid activates the axons of both sugar and bitter neurons (Figure 5). We have added the following text to the Discussion to address this discrepancy:

"Two studies have reported that whereas acetic acid activates bitter neurons, it fails to activate sugar neurons (Charlu et al., 2013; Rimal et al., 2019). \[...\] In addition, nonlinear amplification of spike rates into calcium responses or presynaptic facilitation by modulatory inputs could also transform weak dendritic responses into stronger axonal signals."

Regardless of the cause of the discrepancy, we are confident in our result that sugar neurons show axonal GCaMP responses to acetic acid. Acetic acid activated sugar neurons in 27 of 28 flies initially tested (Figure 5), not including follow-up experiments which also showed consistent responses (Figure 5---figure supplement 3), and we have observed acetic acid activation of sugar neurons with three different *Gal4* drivers and two different GCaMP variants (Figure 5A-D, Figure 5---figure supplement 4, and data not shown). Moreover, the activation of sugar neurons by acetic acid is consistent with our finding that acetic acid elicits PER in starved flies and this PER is eliminated upon sugar neuron silencing (Figure 3B). If acetic acid does not activate sugar neurons, as the electrophysiology studies suggest, it would be very difficult to explain these behavioral results.

> Reviewer \#3:
>
> \[...\] My enthusiasm is dampened by some concerns regarding mechanistic explanations and others of technical nature.
>
> 1\) Mechanistic explanations:
>
> The main conclusion of the study is that \"Hunger shifts the behavioral response from an aversion to attraction by enhancing the appetitive sugar pathway as well as suppressing the aversive bitter pathway\". First, neither the hunger signal nor the neuromodulatory mechanism has been identified. The notion that hunger increases the sensitivity of the sugar pathway and decreases the sensitivity of the aversive pathway is not supported by imaging results.

There appears to be a misunderstanding here. The reviewer seems to equate hunger modulation of the sugar or bitter pathway with hunger modulation of sensory neurons. On the contrary, we propose that hunger could modulate neuronal activity anywhere in the sugar- or bitter-sensing neural circuits; hunger need not act on sensory neurons. We agree with the reviewer that the imaging data presented in the original manuscript showed that hunger does not strongly modulate sensory neuron activity, suggesting that it instead acts on downstream neurons. The data in the revised manuscript show some significant effects of hunger on sensory neuron responses, and this modulation may contribute to the behavioral switch, but downstream modulation is also likely to occur (as explained in the text). We have edited several portions of the text to make this point more clear.

> Second, the current experiments cannot exclude the possibility that a third population of Gr66a- and Gr64f-negative neurons mediate the adaptive response to acetic acid. Identifying the receptor for acetic acid may help pinpoint the site of hunger modulation. Alternatively, it would be informative to know whether flies with both Gr66a and Gr64f neurons silenced exhibit any PER to acetic acid in fed or starved state.

We agree that we cannot exclude the possibility that other sensory neurons contribute to the behavioral responses to acetic acid, and we have edited the text to make this possibility more explicit (Discussion, subsection "Activation of sugar and bitter neurons by acetic acid", fourth paragraph). We have not tested flies with both *Gr66a-* and *Gr64f-*expressing neurons silenced, and even if those flies showed residual acetic acid responses it would be unclear whether those responses are due to additional sensory neurons or incomplete silencing.

Even if other sensory neurons contribute to acetic acid responses, the observation that silencing sugar or bitter neurons largely abolishes the appetitive or aversive response to acetic acid, respectively, suggests that we have identified the primary neurons that are responsible. Moreover, the fact that behavioral sensitivity to both sucrose and lobeline differs in fed and starved flies (Figure 1B; Inagaki et al., 2012, 2014) indicates that the sugar and bitter pathways must be modulated by hunger, regardless of their contribution to acetic acid responses. Given that these pathways are also activated by acetic acid and are required for appetitive or aversive responses to acetic acid, their modulation by hunger is expected to contribute to hunger modulation of acetic acid behaviors regardless of whether other sensory neurons are involved.

> 2\) Technical concerns:
>
> There is some concern about the sensitivity of the imaging technique. In several occasions, it failed to detect behaviorally relevant tastants. For example, results presented in Figure 5D indicate that sucrose at 25 mM did not induce a statistically significant response in sugar-sensing neurons. But this concentration of sucrose is capable of inducing PER responses (Figure 5---figure supplement 5) in both fed and starved flies.

We agree with the reviewer that in our experiments the behavioral and neural responses to tastants do not always correlate, and this may reflect a lower sensitivity of the imaging experiments as compared to the PER assay. Failing to detect responses below a certain threshold is an inherent limitation of any imaging or extracellular recording technique. However, our imaging experiments are at least as sensitive as those in other studies. For example, in Inagaki et al., 2012, the peak GCaMP responses of sugar-sensing neurons evoked by 400 mM sucrose were \~30%-50% ∆F/F~0~ in control flies (Figure 6C), whereas we observe peak responses of \~140% ∆F/F~0~ to 100 mM sucrose (Figure 5---figure supplement 3A) and \~230%-280% ∆F/F~0~ to 500 mM sucrose (Figure 5C). In bitter neurons of control fed flies, Inagaki et al., 2014, observed peak responses of \~60% ∆F/F~0~ to 0.07 mM lobeline and \~90% ∆F/F~0~ to 0.31 mM lobeline (Figure 5F1), whereas we observe peak responses of \~120% ∆F/F~0~ to 0.10 mM lobeline (Figure 5G). Thus our imaging experiments show sugar and bitter responses that are at least as high as those reported in other studies, indicating that our experiments are not less sensitive.

Aside from different sensitivities, another reason that behavioral and neural responses may not always correlate is because the conditions of these experiments are quite different. Flies may show different patterns of sensory activity in these two assays because they are in different states. For example, during imaging but not the PER assay, flies are head-fixed with the brain exposed, the antennae are removed, the proboscis is immobilized in an extended position, and the esophagus has been cut. Flies are allowed to consume water between trials during behavior but not imaging. We have attempted to quantify PER during calcium imaging in order to better correlate neural and behavioral responses, but this approach has not been fruitful for technical reasons.

> In another example, Figure 5---figure supplement 2 showed that acetic acid at either 1% or 5% did not evoke a significant response in sugar-sensing neurons. But 5% acetic acid can evoke robust PER in starved flies (Figure 1A). Furthermore, based on a lack of response, it is not possible to draw the conclusion that sugar receptor mutations do not affect the acetic acid response.

There appears to be a misunderstanding here, and we have modified the figure to make it more clear. As stated in the figure legend, the asterisks indicate whether there was a statistically significant difference between control and mutant flies; they do not indicate whether the response to the tastant itself was significant. Some of the acetic acid responses were in fact significant (i.e. higher than the water response); see Supplementary file 1 for all statistics.

It is true that in this experiment the average response to each acetic acid stimulus was not always significantly different from the water response, which reflects the fact that some flies of both genotypes did not show acetic acid responses. We have edited the Results (subsection "Acetic acid activates sugar- and bitter-sensing neurons", second paragraph) to mention this variability and analyze individual flies more closely, and we find that 6 of 9 control flies and 6 of 9 mutant flies responded to acetic acid. These data therefore support our overall conclusion that acetic acid activates sugar neurons through a mechanism that does not require sugar receptors.

> In addition, the response of bitter cells is problematic, as it is not significantly different from control in two of four conditions in Gr66a cells, and different only in one condition for various Gr subsets.

We do not believe that a lack of significant responses in some conditions is "problematic"; it is simply a feature of the data. However, we have now added data to Figure 5 from a second dataset in which sugar and bitter neuron responses to acetic acid were imaged. (In the original manuscript, this dataset was mentioned in the Figure 5 legend but was not presented in the figure because the flies were tested with different sugar or bitter stimuli and the imaging conditions were slightly different. However, the peak responses to water and acetic acid in both datasets are comparable, suggesting that these datasets can be combined.) After adding these data to Figure 5D and H, the responses to both 1% and 5% acetic acid in sugar and bitter neurons are statistically significant in both fed and starved flies.

The fact that not all bitter neuron subsets respond to acetic acid also is not "problematic", as it is entirely consistent with electrophysiology results from Charlu et al., 2013, and Rimal et al., 2019, which observed heterogeneous responses across bitter neuron classes. Charlu et al. reported acetic acid responses mainly in the S-b and I-b classes, whereas Rimal et al. reported responses only in S-a and S-b classes. Thus even studies using the same technique can obtain different results, but more importantly, our observation of significant peak responses only in the S-b class is consistent with both studies. In addition, there are conditions where the average GCaMP traces clearly look different for water and acetic acid, but the peak response did not significantly differ (e.g. *Gr98d*-expressing cells for 1% acetic acid or *Gr22f-*expressing cells for 5% acetic acid). We have edited the figure legend and text (subsection "Acetic acid activates sugar- and bitter-sensing neurons") to clarify this point. Quantifying responses by the peak GCaMP response is a convenient way to summarize GCaMP traces, but we believe it is important to examine the traces themselves to ascertain whether there might be a real response.

*This insensitive imaging technique may explain why the findings are inconsistent with those reported in previous publications (Inagaki et al., 2012; Marella et al., 2012; LeDue et al., 2016) that show hunger modulates gustatory responses of sugar- and bitter-sensing neurons at their axonal terminals. This reviewer notes that Inagaki et al., 2012, used the integration of* ∆*F/F over time to compare the responses of fed and starved flies, whereas the current study compared the peak* ∆*F/F. Additional analyses, concentrations, or number of animals (n=4 is low) may help resolve the inconsistencies in calcium imaging.*

Again, our imaging technique is at least as sensitive as that of other studies, as we argue above. However, we have always acknowledged the possibility that there are small differences between sensory neuron responses in fed and starved flies that our experiments did not identify, especially given the high variability between flies (which other studies such as those by Inagaki et al. and LeDue et al. also observe). This caveat is stated in the Discussion (subsection "Hunger modulation of neural circuits and behavior", second paragraph).

To address the reviewer's concern regarding sample size, we have reanalyzed the acetic acid responses in fed and starved flies after adding data from a second dataset, as described above. We now have n = 39-43 trials, 14 flies per group for sugar neurons and n = 54 trials, 18 flies per group for bitter neurons. The average response values are similar to those in the original data, but now two comparisons are statistically significant: both sugar and bitter neurons show higher responses to 1% acetic acid in starved flies than in fed flies (Figure 5). Sugar neurons also show a trend toward higher responses to 5% acetic acid after starvation. We interpret these data as follows (Results):

"Our genetic silencing data suggest that hunger elicits a behavioral switch in the acetic acid response by upregulating the sugar-sensing circuit and downregulating the bitter-sensing circuit. Thus the enhancement of the sugar neuron response to acetic acid in starved flies may contribute to the increase in PER, but the enhancement of the bitter neuron response is not consistent with the behavioral change. This effect on bitter neurons along with the lack of significant hunger-dependent changes at 5% acetic acid in either sugar or bitter neurons, despite the fact that PER to 5% acetic acid shows even greater hunger modulation than at 1% (Figure 1A; Figure 5---figure supplement 7), suggest that sensory neuron modulation is not likely to account for the behavioral switch in the acetic acid response. The striking effects of internal state on this behavior may therefore reflect state-dependent modulation of both the sugar and bitter circuits downstream of the sensory neurons."

Unfortunately we could not reanalyze imaging responses to sugar and bitter stimuli using the larger combined dataset because the two datasets used different concentrations or types of sugar and bitter stimuli. Separately analyzing each dataset did not reveal significant differences in the responses of fed and starved flies to sugar or bitter (n = 15-30 trials, 6-10 flies per group in dataset 1 and n = 24 trials, 8 flies per group in dataset 2).

However, in both datasets sugar neurons showed a trend toward higher sucrose responses after starvation, and this trend was quite strong for the dataset shown in Figure 5 (p = 0.063 for the effect of starvation; two-way ANOVA). When we compared the responses of fed and starved flies using the integrated ∆F/F~0~ response rather than the peak response, as the reviewer suggests, there is now a significant effect of starvation (p = 0.036 for the effect of starvation, two-way ANOVA) and a significant difference between fed and starved flies at 500 mM sucrose (p \< 0.05, Bonferroni post-tests). Analyzing the integrated ∆F/F~0~ response did not reveal any significant differences between lobeline responses of bitter neurons in fed and starved flies. We have added these findings to the text (Results, subsection "Hunger modulation of taste sensory neuron responses", first paragraph).

Despite this significant result using integrated ∆F/F~0~, we continue to use peak ∆F/F~0~ to quantify GCaMP responses throughout the paper. We believe that it is a more robust measure of neuronal activity in our experiments because, unlike the integrated response, it is not affected by how quickly the GCaMP response rises or decays during the stimulus presentation. This is especially relevant given that the exact timing of tastant delivery to the labellum can vary slightly from trial to trial. We note that Inagaki et al., 2014, and LeDue et al., 2016, also used peak ∆F/F~0~.

Finally, we note that other studies have also failed to observe strong hunger modulation of sensory neuron responses to sugar or bitter, so the lack of a significant effect would not be unprecedented. Kain and Dahunukar, 2015, did not observe a significant difference in the sugar neuron response of fed and starved flies. The data in Youn et al., 2018, also do not appear to show a clear difference between sugar neuron responses in fed and starved flies (Figure 6B, "Octopamine (-) fed, PRE" vs. "Octopamine (-) starved, PRE"), although these conditions were not directly compared. In addition, the hunger modulation effects reported in Inagaki et al., 2012, and Inagaki et al., 2014, were only present at specific concentrations of sucrose or lobeline, suggesting that they are very sensitive to the dynamic range of either the neuronal response or the GCaMP indicator, and our experiments may be operating in a different range. As we state in the Discussion (subsection "Hunger modulation of neural circuits and behavior", second paragraph), it is possible that we would observe significant hunger modulation of sensory neuron responses if we tested a broader concentration range.

Overall, we do not believe our data are in any way less reliable than previous studies. We believe that any inconsistencies with previous studies simply reveal that hunger modulation of sensory neuron responses can vary across experiments, conditions, or concentrations, and may depend on how exactly the response is quantified.

\[Editors\' note: the author responses to the re-review follow.\]

> The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:
>
> 1\) Relevant statistics need to be included in all graphs, with stars denoting differences between different genotypes.

We have modified the figures so that all relevant statistics are depicted in the graphs, with asterisks denoting any significant differences between genotypes.

> 2\) Figure 4---figure supplement 2A and B shows significant decreased responses to acetic acid in Ir25a mutants. This is consistent with a role for Ir25a in acetic acid detection. Discussion should be modified to reflect the data.

We appreciate this feedback, and we have added the following text to our discussion of these data (Results): "We note that both fed and starved *IR25a* mutant flies showed slightly lower PER to acetic acid than controls, suggesting that IR25a may contribute to this response even though it is not strictly required for acetic acid detection."

We have also modified the figure legend to more explicitly point out this difference: "Two-day starved *IR25a* or *IR76b* mutant flies showed robust PER to acetic acid, although *IR25a* mutants showed a slightly lower response than *w1118* controls at certain concentrations."
